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This thesis has examined xopodium formation and seedling growth in the 
Brazilian Cerrado tree species Kielineyera coriacea Mart. In this species, 
the xylopodium forms as a 	localised swelling of the main (or tap) root, 
initially 	in 	its proximal part, which progresses distally along the root as 
seedlings age. Swelling results from the production of large numbers of 
secondary phloem parenchyma cells. The anatomical development and mature 
structure of the xylopodium are different from those of the xylopodia of 
Cerrado herbs, and itead are similar to the Flesh  tap -root of Daucus 
caroa. However, it is considered here that the term xulopodium be used, 
rather than "xylopodium - like", since these structures have the same 
function, perennation over the dry season. The ability of the xylopodium to 
regenerate shoots depends both on itscrosc -sectional area and tissue age, 
whilst the viability of regenerated shoots may depend on xyiopodium starch 
content. This important reserve compound is accumulated to high contents 
in the xylopodium (25-50 of dry weight). Xylopo'iium growth dominates 
development of' the 	root system, the xylopodium being a strong sink for 
assimilate. In contrast, the lateral root system is not extensive and 
little branched. 
Seedling growth rates and estimated rates of photosynthesis are low. This 
results from SlOW leaf production and possibly from an inherently low 
assimilatory capacity. The absence of leaf primordic in seeds is one 
reason why leaf production is slow, but this feature may be of adaptive 
significance in that it promotes a high root'shoot ratio and thus a large 
<yiopodium. The large and very long-lived cotyledons are major components 
of the shoot, and a structural and functional comparison of' them with the 
leaves has emphasised their leaf - like character. Despite slow leaf 
production, the rosette growth habit of seedlings ensures that leaf area per 
11 
unit shoot dry weight is maximised. The cotyledons and leaves show a 
number of xeromorphic Features such as extensive epicuticular wax deposits, 
modified stomatal structure and low .stornatal Frequency. In view of these 
Features and the likelihood that seedlings experience some degree of water 
stress in the Field oven during ftc. season, it is suggested that the purely 
nutritional interpretation of Sc i eromorphi c and xeromorphi c features in 
woody Cerrado species be reexamined. 
Assimilate From the cotyledons is initially exported to the root system, but 
even during the period when the cotyledons support the growth of the First 
two"-Foliage leaves, the root still imports the majority of assimilate From 
them. The transition of Leaf' 1 to net export of assimilate is slow to 
occur and the period during which seedling growth is dependent solely on 
the cotyledons is long. Following the expansion of Leaves I and 2, 
bosipeta! export From the cotyledons increases again. Export From Leaf 1 
is similarly predominantly to the root system. In this rospect the rosette 
habit of seedlings can be viewed as an adaptation helping to ensure a high 
root/shoot ratio, since with this growth pattern, export From all 1COVCS is 
predominantly basipetal. Root system growth is Faster than growth of the 
shoot, and the root/shoot ratio increases throughout seedling development. 
It is concluded that seedlings of K. ccriacea show a number of adaptations 
concerned with maximising dry matter production in the difficult Cerrado 
environment, and with ensuring a high root/shoot ratio thus resulting in 
the Formation of a xylopodium capable of perennating over the dry season 
so Facilitating seedling establishment. Although sexual reproduction and 
seedling establishment may not be important in recruitment in the Cerrado, 
it is suggested that they act together with sprouting in an optimal way to 
exploit current Fitness and maximise Future Fitness. 
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1 THE CERRAOO VEGETATION OF CENTRAL BRAZIL 
Cerrodo is an extremely diverse, seasonal savanna formation (Sarmiento, 
Goldstein & Meinzer, 1986) being the principal vegetation type of the 
central Brazilian states and covering between 20 and 25% of the area of 
Brazil (Ratter, Richards, Argent & Gifford, 1973). The climate of the 
region is tropical, with a distinct pattern of wet and dry seasons, and the 
soils are generally deep and freely draining (Elten, 1972). These 
environmental conditions produce a soil-water regime characteristic of 
seasonal savannas, and have a number of important ecological, consequences 
for the vegetation (Sarmiento at al, 1985). Cerrodo species,, many endemic 
to the region, show a number of mechanisms and adaptations which enable 
them to survive in this environment, and the brood objective of this project 
was to study one such adaptation in KieImeyera coriicea Mart., a typical 
Cerrado tree species. 
1-1 The geographical location  and extent of Cerrado and its 
economic importance 
Cerrado vegetation, more-or-less peculiar to Brazil. covers an area of about 
1.8 million km 2 , made up of a continuous core of 1.5 million km 2 (about 20 
times the size of Scotland) covering the central Brazilian highland plateau 
(200 - 800 (-12Q0) m above sea level) (Dickenson, 1982). and 0.3 million 
km"-: of peripheral and outlying areas (Coutinho, 1982). The core area 
comprises southern Mato Grosso, Mato Grosso do Sul, Goiás, southern 
MaranhAo, western Bahia and western Minas Gerais states, and Distrito 
Federal (situated entirely within Goiás) (Fig. 1.1). Peripheral and outlying 
areas of Cerrcido occur in most other states, except those in the far south. 
Notably, outlying areas occur in the northern state of Roraima and the 
south eastern state of Sâo Paulo (Fern, 1977). Thus Cerrodo occurs from 
-1-- 
Fig. 1.1 Vegetation map of Brazil showing the Iocaion and 
extent of the Cerrado 
CFrom Dickenson (1982)3 
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the southern tropic almost to the equator, and from the Atlantic coast deep 
into the interior of Brazil. 
Cerrado borders Amazonian forest in the north and north west, the 
xeromorphic caatinga vegetation of the north east, and broadleaf tropical 
forest and grasslands in the south east and south. The transitions between 
vegetation types can be either abrupt or gradual, with a mosaic of both 
types or with a zone of distinct transitional vegetation (Elten, 1972; 
Ratter et al, 1973). Parent rock and soil type, seasonal variation in the 
depth of the water table and the incidence of fire are probably the most 
important factors which broadly delimit these boundaries (Eiten, 1972; 
Ratter et al. 1973). 
The continuing desire of the Brazilian authorities for the population to 
occupy and possess the vast interior of the country has had an enormously 
destructive impact on the Amazonian rainforest, and as a result, alternative 
areas, such as the Cerrado, may become the focus of late twentieth century 
frontier expansion (Dickenson, 1982). Traditional uses of Cerrodo have 
included low intensity cattle grazing, charcoal production and the 
extraction of fire wood, building materials and medicinal plants (Eiten. 
172). However, the largely level topography and deep, open textured soils 
of much of the region, make it ideally suited to large scale, mechanised 
forming (Eiten, 1972). and although at present only about 3% has been 
cleared and is under cultivation, it is estimated that one third of the 
Cerrodo has agricultural potential (Goedert, 1983). The most serious 
problems limiting such expansion are the low pH, nutrient deficiency, 
particularly of phosphate and calcium, and high aluminium content of the 
soils (Horidoson, 1982). Major crops which are cultivated include 
EucaI!,$us. Pinus, rice, sugar-cone, citrus, soya beans, sorghum, maize and 
wheat, but there is also interest in growing native, Cerrodo tree species 
mm 
(Eiten, 1972, Goedert, 1983). A further expanding use of Cerrado is for 
charcoal production. Brazil's annual consumption of charcoal is between 1 
and 2 million tonnes (Burley & Plumptre, 1985). and much of the 
reafforestation in southern Brazil with Eucalyptus and Pinus is for this 
an 
reason (Dicon, 1982). If the natural regenerative ability of Cerrodo 
could be better exploited, and the vegetation managed as a naturally 
renewable resource to provide Brazil with charcoal, this would probably 
have a more acceptable environmental impact than deafforestation in the 
Amazon. For this to be so, there is urgent need for a better understanding 
of growth and development of Cerrado tree species. 
1.2 Climate and the physical environment 
1. 2. 1 Seasonal I ty of' temperature and rai nPal / 
The mean annual temperature for most of the Cerrado region varies between 
20 and 26C. The mean maximum temperature is generally about 30C, though 
maximum temperatures in the wet season can exceed 35C. During the dry 
season, maximum daily temperatures are often not much less than during the 
wet season, and as a result evaporation tends to be high all year. 	The 
mean minimum temperature is generally between 14*C in the south and 18C 
in more northerly areas, but during the dry season when night skies are 
clear, minimum temperatures can be much lower than this, and Cerrado in So 
Paulo at the southern limit of the range can experience 1 to 2 days of 
frost a year, with temperatures as low as -C (Eiten. 1972). The daily 
variation in temperature is therefore much greater than the seasonal 
variation (Rawitscher, 198; Ratter et a!, 1973). 
The core area of Cerrado has a distinctly seasonal wet and dry tropical 
climate, and thus belongs to Köppens 'Savanna Subtype' (Aw) of the 'Tropical 
Rain Climate' (A) (Ratter et a!, 1973). Daylength decreases to a minimum of 
about 10.5 h during the dry season at the southern limit of the Cerrado 
(Tropic of Capricorn), and during the wet season, increases to a maximum of 
about 13.5 h. The dry season, or winter, varies between 3 and 6 months in 
length, and occurs from May to October inclusive. During this time there 
may be many consecutive rainless weeks, although over most of the Cerrodo, 
the average rainfall during the driest months of June to August is between 
10 and 30 mm per month (Eiten. 1972). During the dry season, skies are 
generally clear, and relative humidity at midday can be as low as 20% 
(Rawitscher, 1948). However, at the beginning of the dry season, overnight 
and early morning mist and dew may ameliorate some effects of drought 
(Rawitscher. 1948; Ratter et al, 1973). The wet season, or summer, is 
characterised by heavy rainfall (generally about 80% of the annual total), 
and skies are more overcast and relative humidity higher than in the dry 
season. Annual rainfall over most of the region is between 1100 and 1600 
mm, but in the extreme, varies between 750 mm where Cerrado borders 
caatinga, and 2000 mm where Cerrado borders Amazonian forest and Atlantic 
coastal forest (Eiten, 1972. 1982). 
1.2.2 Soil depth and drainage, and depth of the water table 
Typical Cerrodo is usually found on soil greater than three meters in 
depth, and under most Cerrado it is generally several tens of meters deep. 
These deep soils are generally of loamy sand to sand texture, and pebbles 
are either absent or present in varying proportions, sometimes as a 
distinct layer (Liten, 1972; Ratter et ci, 1973). The depth and open 
texture of the soils results in excellent drainage, and even during heavy 
storms there is no surface water run-off (Rawitscher, 1948; (3oodland & 
Pollard, 1973). The water table can be as shallow as 3 m and as deep as 
30 m (Eiten, 1972), but is generally 10 to 20 m below the surface. The 
level may fluctuate during the year, being deepest at the end of the dry 
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season (Fern. 1961). Cerrado is not Found where the soil-water regime 
produc'es anaerobic conditions For considerable periods, for example, in 
volley bottoms or on hillsides where subsoil water Flows out, and young 
plants of Kielmeyerci coriaceo and Pseudobornbax marginatLin, both typical 
Cerrado species, have been Found to be intolerant of Flooding (Joly & 
Crawford. 1982). 
Cerrado does not usually develop on I ithosols, that is, soils less than 1 m 
in depth over solid bedrock or a hard, solid, layer of laterite, except 
where the laterite is fragmented or where there are sufFicieht cracks 
through which the roots of trees and shrubs can penetrate Eiten, 1972). 
The process of latosolizotion is advanced in Cerrado soils, and results in 
the Formation of iron and aluminium sesquioxides, which tend, to colour the 
soil red or yellow. Iron sesquioxide may accumulate and Form a layer of 
laterite, although it is Eiten's (1972) opinion that this is not typical of 
Cerr ado. 
1.3 Interaction of climate and environment: consequences 
for the vegetation 
Seasonal savannas, including Cerrado. are only found where the climate is 
tropical with a distinct pattern of seasonal rainfall, and where the soils 
are deep and Freely draining. These characteristics result in a number of 
consequences For the vegetation. 
1.3. 1 Seasonal availability of soil water 
The First major consequence for plants is a pattern of seasonal 
availability of soil water (Fig. 1.2). During the wet season, the soil is 
near Field capacity and water is abundant, although there may be brief 
periods of drying when the water content of the top 30 cm is reduced to 
the permanent wilting point (Rawitscher. 1948). Water in excess of field 
capacity percolates to the water table, or to become stored in deep soil 
layers. At Emas in São Paulo state, it was estimated that the accumulated 
water in the soil above the water table (at a depth of 18 m) represented 
three years rainfall (Fern, 1961). Percolation, therefore, continues 
throughout the year, and a considerable reserve of water is stored in the 
soil. 
During the dry season, evaporation exceeds precipitation for long periods, 
and soil water potential () decreases (Fig. 1.2). Soil less than 30 cm 
deep, loses water directly by evaporation and indirectly by root absorption; 
soil deeper than this loses water mainly by root absorption (Rawitscher. 
19+8). It is generally considered that soil drying to the permanent 
wilting point is confined to the upper 2 to 2.5 in of soil, and that below 
this depth water is always available to plants (Rawitscher, 1948; Elten, 
1972). For seasonal savonnos in general, it has been shown that the upper 
50 to 100 cm of soil dries to a 1. below -1.5 to -2.0 MPa (Medina, 1982), 
whilst the 	of soil at greater depths remains above -1.5 MPo (Sarmiento 
et a!, 1985). Therefore, during the dry season, water becomes unavailable 
to plants with root systems confined to the upper 1 in of soil, such as 
grasses, herbs, and young plants of trees and shrubs, and to survive, these 
plants must be able to tolerate prolonged periods of very low soil 	. In 
contrast, the adult plants of many woody Cerrado species have very deep 
root systems able to absorb water from soil where p... remains relatively 
high; Rawitscher (1948) found roots of Andira hi..jnilis at the water table 18 
m below the surface. 
1.3.2 Soil Fertility 
The second major consequence to plants is the gradual leaching of the soil 
profile (Fig. 1.2). Cerrado is found on very old land surface formations, 
over parent rack types such as sandstone, above which have formed deep. 
eluviated Oxisols (latosols) and Ultisols. To grow under these soil 
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Featcr-es in seonaf SUV7Y,c. leading to major ecological 
Cc7eqLaY1ces for Cerrcz± vegetation  
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conditions, Cerrodo species must be able to tolerate high acidity, high 
concentrations of exchangeable aluminium and low contents of most 
nutrients, particularly phosphorus 	 ; 	(Goedert, 1983). 
The clay content of the soil is variable (Goedert, 1983), and due to 
considerable leaching of silica, the clays present are of the 1:1 lattice 
type (koolinite). These koolinitic clays have a low cation exchange 
capacity, much of which, due to leaching, is saturated with aluminium, which 
in many areas is present in amounts toxic to non-Cerrado species. Thus, 
only small quantities of metal cations such as calcium, magnesium and 
potassium, and anions such as phosphate and sulphate, are contained in the 
soils, which consequently are highly dystrophic in nature (Fig. 1.2). 
Cerrado soils are acidic, often with pH below 5.0, due to the reaction of 
aluminium, displaced from the cation exchange complex, with water to farm 
insoluble aluminium hydroxide and hydrogen ions. Under such acidic 
conditions, phosphates combine with iron and aluminium oxides to Form 
highly insoluble iron-aluminium phosphates, thus becoming unavailable to 
plants. The solubility of other cations, such as the trace element 
molybdenum, may also be reduced. Nitrogen in the soil is likely to be in 
the form of ammonium ions rather than as nitrate. Mineralization is rapid, 
often accelerated by fire, and in general organic material accumulates only 
under cerradâ'o.' Thus only small quantities of nitrate and sulphate 
accumulate in the soil (Eyre, 1968). 
1.3.3 The incidence and effects of fire 
The third major consequence for the vegetation is the likelihood of fire 
(Fig. 1.2). This arises during the dry season as the ground layer of 
shallow rooted species, particularly grosses, dries out, producing a large 
amount of dead, readily combustible phytomoss (Sarmiento et cii, 1985). 
Natural fires are generally assumed to have been common enough to produce 
the many pyrophytic adaptations found in Cerrado species (Eiten, 1972; 
Ratter et a!, 1973), although there are no known scientific records of 
natural fires in Cerrado (Coutinho. 1982), and their occurrence is disputed 
vtdOPtlD 
(see Ratter et a!, 1973 & Hay 1988). At the time of the Portuguese 
invasion, fire was probably being used extensively by native nomadic 
indians for hunting. tribal warfare and amusement, and charcoal fragments 
found in the soil around Brasilia OF have been carbon-14 dated to about 200 
AD (Coutinho, 1982). After 1500, fire was used by ranchers at the end of 
the dry season to encourage new growth of grasses for cattle, grazing 
(Rawitscher, 1948; CoutinhO, 1982). Today, open forms of Cerrado may be 
burned annually for this . purpose, but most Cerrado is probably burnt once 
every 3 to 5 years, more closed forms perhaps less frequently (Elten, 
1972). 
Coutinho (1982) found that in the surface layers, soil temperature could 
reach 74 *C as fire passed over an area, but that at a depth of 50 mm 
temperature increased by less than 5C. The period of maximum temperature 
lasted for only a few minutes, and within one hour, soil temperatures had 
returned to normal. Thus the direct heating effect of fire on underground 
organs common in Cerrado species is probably slight, except at the soil 
surface. The heating effects of fire in a particular area will depend on 
the amount of combustible material present, on how quickly the fire passes 
over the area, and on the thermal properties of the soil. 
A further major effect of fire is to accelerate nutrient cycling (Coutinho, 
1982). When vegetation is burnt, part of the nutrient content is lost to 
the atmosphere as gases (N, 5, P), and part as finely divided particles (Ca, 
K. Mg) (Fig. 1.2). The remainder is deposited on the soil surface as ash. 
A part of the nutrients lost to the atmosphere may be returned to the soil 
by gravity or in solution in rainwater. (This is in addition to the input 
of nutrients by rainfall not associated with the effects of fire (Coutinho, 
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1982).) Following a Cerrodo fire, Covalcanti (1978, quoted in Coutinho 
(1982)) found a substantial increase in the content of most nutrients in 
the upper 50 mm of soil, which became exhausted within 3 months. it 
greater soil depths, nutrient levels barely changed. In contrast, following 
the fire, the aluminium content of the upper 50 mm of soil decreased to 
zero, and did not increase again for over a month, whilst at greater soil  
depths no changes were found. Fire, therefore, results in a temporary 
elimination of aluminium toxicity in the upper layers of the soil and an 
increased supply of nutrients to shallow, but not deep, rooted plants. 
Since minerals are also released by fire from deeper rooted trees and 
shrubs, one effect of burning may be to cause a net transfer of nutrients 
from the arboreal to the ground vegetation layer (Coutinho, 1982). 
1-4 Cerrado: F! or i st 1 cs and phys I ognomy 
1.. 4.. 1 General Fl on i sti c composi ti on 
Cerrado vegetation is both floristically and physiognornically diverse. The 
Cerrado flora is not completely known, but more than 750 woody species and 
perhaps twice this number of herbaceous and undershrub species have been 
recorded (Coutinho, 1982). Most Cerrado species are perennial, and annuals 
comprise only 5 to 6% of the total flora (Warming, 1892). Annual species 
are thought to be uncommon because seedling establishment is hampered by 
fire and competition from perennials (Ratter et cii, 1973). Table 1.1 
summonses some of the more important floristic features of Cerrado. The 
flora contains many species from typical tropical taxa, for example, the 
Leguminosae and &amineae, and in addition, a number of less common 
tropical taxa are also well represented, for example, the Vociysiaceae and 
Bi9noniaceae. There are also a number of táxa not well represented in 
Cerrodo, but which are especially characteristic of it, and some of these 
are endemic to the region. Of importance here is the endemic genus 
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TABLE 1. 1 	The ('I on sti c composition of Cerrado vegetation 
PRICIPAL ANGIOSPERM FAMILIES GENERA 
Important tropical 	taxa, 	well 	represented in Cerrado, 
Leguminosae Sowdichia,' Dimorphandra; Dalbergia,' ErioselDa; Mimosa; Bauhinia, 
compositae Vernonia; Baccharis,' Pip tocarpa, 
Gramineae Paspalum; Panicum; Andropogon; Aristida, 
Rubiaceae Borreria, 
Paimae Copernicia,' ?ltta!aea; Syagrus; Mauritia, 
Cyperaceae Bulbosty/is; Piithristylis; Cyperus, 
Less important tropical 	taxa, 	well 	represented inCerrado, 
Bignoniaceae Tabebuia; Jacaranda, 




MINOR ANGIOSPERM FAMILIES USUALLY MONO-GENERIC AND OFTEN MONO-SPECIFIC IN CERRADO 
Taxa common in forest, 	but only rare in 	cerradifo, 
Tiliaceae 	 - Luhea, 
quifo1iaceae hex, 
raIiaceae Scheft'iera, 




Taxa uncommon 	in Cerrado, 	but very characteristic of 	it, 	Mainly small, 	tropical families 
with one important Cerrado genus, 
Car vocaraceae Caryocar, 
Coc'hlospei'ma ceae C'ochIospernuiv, 
6u1 tiferae  
Taxa largely endemic 	to Brazil, 	occuring 	in Cerrado. 
A'ielmmvera.' Mancornia,' Magonia; 4nanas, 
OTHER PLANT GROUPS TAXA 	 REMARKS 
AND GROWTH FORMS 
1. 	Dominant: 
Perennial, 	tussock grasses Graaiineae; ('yperaceac, 	Shallow-rooted 	mainly C4, provide the 
bulk of combustible material for 	fires, 
Woody plants Angiosperm flora 	Herbs to trees 	shallow and 
(see above) 	 deep-rooted, 	C3 and C4 (fl, 
2, 	Less common to rare: 
Annual species Pal ygala, 	 Between S and 6% of flora, 
Ground or climbing vines, Bauhinia,' Centrosema 	Can generally be found 	but not a 
herbaceous or woody, Mimosa, 	 conspicuous component of the flora. 
Corticolous 	lichens, Usnea,' Parmelia, 	Locally abundant, 
Ferns, Polypadium, Uncommon, 
Fungi, Some bracket fungi on 	Uncommon, 
dead wood in cerradão, 
Terrestrial 	bromeliads, Broinelia,' 4nanas, 	As scattered individuals or rarely as 
oopulations, 
Ground bryophytes and lichens, Rare, 
Spiny plants and cacti, Solanuni,' Smilax; 	Rare, 
'ereus, 
Epiphytes, Species of bromeliad Very rare, 
and orchid, 
This table is not exhaustive, but 	is intended to show the range and relative importance of 	taxa 
present 	in Cerrado, 	It 	is compiled mainly from Goodland (197 0) and Eiten 	(1972), 
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KieIme,era, since this includes the species studied in this project, 
K. coriaceo. 
1.4.2 Physiognomi c subtypes of Cerrado and plant growth 
Forms 
Cerrodo is a characteristically xeromorphic or scieromorphic vegetation, 
although rnesophytic species are not uncommon (Eiten, 1972). It exists in a 
wide variety of structural subtypes, ranging from dense forest with an 
almost closed canopy and little ground cover, to grassland with or without 
low, scattered trees and 'shrubs (Elten, 1972). Until recently, subtypes of 
Cerrado were recognised on a more-or-less subjective basis, and the 
descriptive terminology for them was confusing (see Eiten, 1972). For 
example, the word "cerrado" itself is used in two separate ways (Eiten, 
1972). In this thesis, where it is written "Cerrodo", it is being used to 
refer to the vegetation formation as a whole, and where it is written 
"cerradd', it is being used to refer to a particular physiognomic subtype of 
Cerrado. Now, four distinct subtypes are generally recognised, campo sujo, 
campo cerrado, cerrado and cerradâo, and these have been quantitatively 
distinguished on the basis of a number of characteristics. For example, 
the frequencies of the two dominant growth forms (tussock grasses and 
herbs, and trees and shrubs) are inversely related, trees being most 
abundant in cerradâb, and herbs and grosses being most abundant in campo 
st.tjo (Goodland, 1971). The major features of each subtype are summarised 
in Table 1.2. Goodland has shown that the subtypes are nodes on a smooth 
gradient of basal area of trees per hectare, and intergrode into each other 
(Goodland. 1971). Campo sujo and cerradäo, the two extremes of this 
physiognomic gradient, are less common than campo cerrado and cerrado. 
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TABLE 1.2 Characteristics of physi ognomi c subtypes of Cerrado 
Physi ognomi c subtype 
cairo sujo coirqo cerrado cerrado 	cerradifo 
Canopy cover (Z) 1 3 19 46 
Ground cover (%) 65 67 55 35 
Height (in): 
Trees 3 4 6 9 
Shrubs 1 1 1 1 
Grasses '1 1 2 1 
Trees ha' 849 1408 2253 3215 
Basal area (10 	cm') 29.8 76.1 167.6 312.8 
Number of species: 
Trees 31 36 43 55 
Herbs 60 53 47 42 
Shrubs 5 4 4 3 
Total 96 93 94 100 
f 	 28 	 24 	 90 	 28 
Taken from Goodi and (1971). Figures are means for the number of 
stands shown.. All stands were in the Tn ângul o Mi nel ro area of 
Cerrodo in Minas Gerais. 
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In contrast to the more complex vertical stratification of tropical 
rainforest (Longman & JenIk, 1974). Cerrado is characterised by only two 
distinct structural layers, each dominated by a particular growth form. The 
ground layer is composed of perennial tussock grasses and herbs, and the 
tree layer of evergreen and deciduous trees and woody shrubs. Nearly all 
are angiosperms, and cryptogams and other growth forms are uncommon (Table 
1.1). There is o complete intergradation between trees and herbs (Eiten, 
1972), and a number of categories of growth form may be recognised: trees, 
shrubs. subshrubs (also called undershrubs, semishrubs and hemixyles) and 
herbs. Subshrubs produce annual, lignif led shoots in contrast to the 
perennial, lignified shoots of shrubs and the annual, herbaceous shoots of 
herbs. Subshrubs generally consist of a clump of slender, little branched 
shoots which may attain a height of 2 to 3 m, and which produce flowers 
and fruits (Ratter et a!, 1973). However, the shoots of herbs may become 
partially lignified at their bases, and it is frequently difficult to 
distinguish between different categories of growth form (Warming, 1892; 
Ratter et al. 1973). Some species can belong to more than one category, 
and, in particular, some of the trees and shrubs are able to grow as 
subshrubs until conditions allow them to develop into trees, for example. K. 
coriacea and K. rubrif7oro (1.7.5). Cerrado trees are shorter, have fewer 
branches and more open crowns with fewer leaves than trees of tropical 
mesophytic forest. Their branches and twigs are often quite thick (10 to 
30 mm) up to their tips, giving Cerrado trees a characteristic appearance. 
Many trees are crooked and tortuous, with branches tending to arise at wide 
angles to the mother axis. Stem tips often die after a few years, and 
terminal branches become new leaders. A twisted sympodial axis is thus 
formed, but the growth of new wood and thick, corky bark tends to disguise 
branch connections (Eiten, 1982). Fire may accentuate the tortuosity of 
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trees by killing exposed stem tips (Coutinho, 1982). A further grow' form. 
the "subterranean tree", is discussed in 91.7.1. 
1. 4. 3 Fl on i sti c associations and composi ti on of' 
physi ognomi c subtypes 
The structural and floristic diversity of Cerrado prompted Ratter et a! 
(1973) to say, "it (Cerrado) varies greatly in structure and species 
composition and its component associations seem almost to defy 
classification". Nevertheless, specific floristic associations, have been 
recognised, for example, Ratter (1971 & 1980) and Ratter etol (1973) have 
described Hirtella glandulosa cerradäo, Ilagonia pubescens cerradäo. and 
Luhea paniculota cerrado. The labels refer to distinctive marker species 
found in each association. These observations were made at specific 
locations, those on cerradâo at Xavcintina (north eastern Nato Grosso), and 
those on cerrado at Fazenda Agua Limpa (Brasilia, OF.), and whether the 
associations described are of general geographical occurrence remains to be 
established. 
Some species are very widespread, occuring in most areas of Cerrado, for 
example, Kielmeyera coriocea (Saddi. 1982), whereas others have a more 
restricted geographical distribution, and are common only locally, for 
example. K. rosea (Gibbs, Fl Iho & Shepherd, 1983). The large number of 
widespread species has tended to give the impression that Cerrado is 
floristically uniform over its whole range (Goodlond, 1971), and such - 
phytogeographicol shifts in floristic composition as there ore, are poorly 
studied (Gibbs et a!, 1983). Some species are more common in particular 
physiognomic subtypes than in others, for example, K. cori.ea common in 
ccrnpo cerrade, is less common in cerrodâo. 
In a peripheral area of Cerrado in Sào Paulo, the physiognomic subtypes 
ccripo cerrath and cerrado have now also been distinguished on the basis of 
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floristic composition. However, the diversity of Cerrodo and the 
intergrodotion of subtypes was again emphasised by the recognition of two 
transitional Forms of vegetation (Gibbs et ci, 1983). 
1.5 The distribution of Cerrado over the landscape 
Cerrado is generally confined to broad, gently sloping upland interfluvial 
sites, but other kinds of vegetation may occur where conditions allow. 
Along rivers and their tributaries where drainage is impeded and the water-
table remains near the surface throughout the year, Swampy Gallery forest 
often forms a distinct strip of vegetation 100 - 200 m wide, on either side 
of the watercourse (Ratter et al, 1973). The boundary between Cerrado and 
Gallery forest may be abrupt, or there may be a strip of tiaLiritia palm 
marsh or sedge marsh separating the two (Elten. 1972). 
Campo sujo is generally found on the least fertile sites and cer,'adäo on 
those more fertile, though where the soil is particularly mesotrophic. 
Cerrodo may be replaced by Deciduous Seasonal forest (Ratter et ci. 1973). 
Cerrado has been considered an edaphic gradient, and the soil contents of 
phosphorous. potassium and nitrogen have been found to be correlated with 
the basal area of trees per hectare (Goodland & Pollard, 1973). However, 
Gibbs et 0/(1983) did not find any correlation between the nutrient status 
of the soil and community structure, as reflected by changes in Floristic 
composition, and within the physiognomic subtype cerradâo. Ratter (1971) 
distinguished tiagonia pubescens/Ca/Iisthene Pasicuiaea cerrad&o on 
mesophytic soils, and Hirteiia g/anduiosa cerradäo on dystrophic soils. 
Soil fertility is therefore not the only Factor which influences the 
distribution of vegetation over the landscape, and other Factors such as 
fire, drainage, man-mode disturbance, and in the south, frost exposure may 
also be important (Gibbs et al. 1983). Each of these factors tends to lead 
to the existing vegetation becoming more open (Eiten. 1972). 
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1.6 Physiological ecology of woody Cerrado plants 
1.6. 1 Plant form and phenol ogy 
The gross component of the Cerrado flora is dealt with by Medina (1982), 
and attention here will be confined to the woody component. Typical 
Cerrodo trees are between 3 and 8 m in height, and do not generally exceed 
10 m, even in cerradäo (Eiten, 1972; Ratter et a!, 1973). The bark of many, 
but not all, is thick, corky and often deeply fissured, and is considered to 
protect the trunk and branches from fire. Trees and shrubs have extensive 
root systems, composed of roots which penetrate to considerable soil depths 
(18-20 m), and superficial' roots in the upper 30 to 40 cm of soil which 
may radiate equally considerable distances from the trunk (Sarmiento et a!, 
1985). The substantial investment of plant biomass into the root system 
results in high root/shoot ratios (R/S) compared with forest species. 
Values of R/S can be greater than 1.0 in young plants, but tend to decrease 
in taller, more mature plants to around 0.3. In forest trees, R/S tends to 
be less than 0.2 (Sarmiento et a!, 1985). woody Cerrado plants and the 
herbaceous component, can be divided into those with deep root systems, 
which tend to be evergreen (leaf life-span about 12 months or more), and 
those with root systems confined to the upper 1 to 2 m of soil, which tend 
to be deciduous (leaf life-span 6 to 8 months) (Rawitscher, 198). Some 
deciduous trees, however, also have deep root systems, and leaf fall in 
these species may be controlled by photo- and thermoperiod (Medina, 1982), 
although the effects of decreasing water availability in the upper layers of 
the soil during the dry season have not been investigated. Phenological 
patterns in woody Cerrado plants, and savanna plants in genera), are 
complicated, and there are many variations in the relative timing of leaf 
fall, leaf renewal and flowering (Medina, 1982). Day length, thermoperiod, 
hormonal relationships, fire and water availability may all be important 
factors affecting these cycles (Medina. 1982; Coutinho, 1982). 
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16.2 Water relations, nutrient economy and CO_-exchange 
Despite considerable variation, a common phenological feature is that 
flowering and leaf renewal in many species occurs during the dry season 
(Rawitscher, 1948; Ratter et ci, 1973; Medina, 1982). This has led to the 
conclusion that deep rooted plants have access to soil water all year. 
This is supported by measurements of soil water content in soil profiles 
(Rawitscher. 19 1+8). and by measurements showing that many evergreen 
species transpire freely during both wet and dry seasons, and that the 
stomata of many do not show mid-day closure (Fern, 1961). The stomata of 
deep-rooted plants have been shown to open and close rather slowly in 
response to changing conditions, whereas those of shallow rooted plants 
react much more quickly (Rawitscher, 191+8; Fern, 1961). However, the 
techniques used in these studies are now somewhat outdated, and there is a 
need for new ecophysiologicat work using modern equipment and methods. 
Despite high rates of transpiration, the water potential of the leaves of 
deep rooted plants tends to remain high, and it is suggested that the 
hydraulic conductivity of the vascular system of savanna trees is higher 
than that of deciduous forest trees (Sarmiento et a!, 1985). A high flux of 
water 	- may help to maintain leaf temperatures at near optimum values 
for photosynthesis (Sarrniento et a!, 1985). 
A high water flux through the soil-plant-atmosphere system may also result 
in a high passive uptake of nutrients throughout the year, as a large 
volume of soil water is absorbed through the roots (Sarmiento et ci, 1985). 
Nevertheless, Cerrado soils are dystrophic, and the nutrient content of all 
tissues in woody savanna plants tends to be low particularly in leaves 
(Haridasan, 1982). Leaf renewal in the dry season may be a mechanism 
limiting loss of nutrients from young leaves by teaching. and in addition 
may reduce the incidence of herbivory (Sarmiento et ci, 1985). Nutrient 
content is greatest when leaves are young and this may be linked with high 
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photosynthetic rates at this time (Sarmiento et cii, 1985). The nutrient 
content and photosynthetic rates of leaves decline with age, and savanna 
trees in general show efficient reabsorption and redistribution of nutrients 
to rapidly growing tissues. It has been shown in some species that leaf 
growth in the dry season is separated from stem and branch growth in the 
wet season (Sarmiento et a!, 1985). 
The leaves of many Cerrodo plants are sclerophyilous, having thick cuticles 
and cell waits sometimes impregnated with silica, mechanical tissues, 
parenchyma cells lacking chioroplosts, few and small air spaces. and low 
contents of nitrogen and 'phosphorus (Elten, 1972; Medina, 1982). The 
scieromorphic nature of the leaves has been linked to low nutrient 
availability in Cerrado soils, and to the high soil content Of aluminium 
(Medina, 1982). Some Cerrado plants, for example, Qualea and Vochysia 
species, accumulate aluminium to high contents in their leaves (Haridosan, 
1982). Non-accumulating species, for example, K. coriacea, presumably have 
effective mechanisms for excluding aluminium (Horidosan. 1982). Although 
water availability is now generally disregarded as a factor contributing to 
the xeroniorphic and scleromorphic character of many Cerrado species and 
nutritional explanations favoured instead (Goodland and Pollard, 1973), 
evaporative demand during the summer is high and seedlings in particular 
are likely to be stressed, perhaps severely, between periods of rainfall. 
This again emphasises the need for water relations work with modern 
techniques. One consequence of scleromorphic leaves appears to be an 
inherently low photosynthetic capacity due to high mesophyll resistance to 
CO2 transfer. High mesophyll resistances may be attributable to the 
structural characteristics of the leaves and to low contents of 
RuBP-ccrboxylase/oxygenase (Medina. 1982). Under optimum laboratory 
conditions, maximal photosynthetic rates of savanna trees are less than 
half maximal reported rates for typical C3 plants (Sarmiento et a!, 1985). 
Wom 
1.7 Xylopodia 
1. 7. 1 What is a "xgl opodi urn" ? 
The word •'xylopodium". meaning "woody-foot", has been used exclusively in 
the context of the Brazilian Cerrado to desribe ports of the root systems 
of many disparate herbaceous and woody species in several families (Medina, 
1982). Warming (1892), who worked in the area of Lagoa Santa in the State 
of Minus 6erais between 1863 and 1866, described the perennial dicotyledons 
as nearly all having "short, thick, more-or-less tuberculate, irregular and 
lignif led underground axes", and many of the shrubs as having "a very 
large, liif led radiciform' axis". However, according to Rizzini & Heringer 
(1961), it was Lindrnan in 1900 who first used the word xylopodium to 
describe "a special type of woody underground structure, more-or-less 
tubercle-shaped". However, the morphology, anatomy 'and ontogeny of 
xylopodia are not yet well studied, and Eiten (1972) only cursorily 
mentions them in an extensive review of literature on the Cerrado. Whilst 
some authors have attempted to define more precisely the xylopodium 
(Rizzini & Heringer, 1961, 1962). many present-day descriptions are no more 
precise than those of Warming and Lindman (eg. Saddi, 1982; Coutinho, 1982; 
Medina, 1982; Figuieredo-Ribeiro & Dietrich, 1983). Saddi, for example, 
defines a xylopodium as "a subterranean woody base, thick and sometimes 
partly exposed above the soil". Xylopodia do not have a characteristic 
morphology (Rizzini & Heringer, 1961), and the root systems of Cerrodo 
plants in general are extremely diverse, being variously labelled as - 
xylopodio, rhizomes, lignified rhizomes, tubers and fleshy roots. Thus 
similar looking root structures have been labelled differently, and very 
different looking roots have been given the same name (Fig. 1.3). The 
homology or otherwise of these structures remains to be established. 
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This vagueness is perhaps the reason why "xylopodium" is not used 
consistently within the Cerrado literature by different authors. Some use 
it in a brood sense to refer to the root structures of perennial herbs, 
shrubs and trees (Ratter. Richards, Argent & Gifford. 1973; Medina, 1982), 
whilst others use it in a more restricted sense to refer only to the root 
structures of herbs and subshrubs (Rawitscher. 19 1+8; Rizzini & Heringer, 
1961; Eiten, 1972; Coutinho, 1982). For example, Rawitscher (191+8) refers 
to the "voluminous storing roots of the deep-rooted vegetation", that is 
trees, and the xylopodia of the "summer-green plants", that is herbs and 
subshrubs. Rizzini & Hernger (1961) sought to refine further the concept 
of a xylopodium in herbs and subshrubs, and distinguished, largely on an 
anatomical basis, between true xylopodia and "fleshy taproots". Xylopodia 
are usually very hard and woody, and are composed mainly of lignif led xylem 
elements. There are no storage cells other than any xylem parenchyma that 
may be present. They vary in size up to about 20 cm in length and between 
5 and 10 cm in diameter, and tend to be smaller than fleshy taproots, which 
can be over a meter in length (Rizzini & Heringer, 1961). Fleshy taproots, 
in contrast, are soft to moderately tough, and are composed of large 
amounts of non-lignif led phloem parenchyma, similar to the roots of Daticus 
and Beta. Nevertheless, some confusion still persists; according to Rizzini 
& Heringer (1962) and Medina (1982), Coch!ospermn regium has a fleshy 
taproot, but Fern (1971) (and previously Rawitscher (191+8)) state that it 
has a xylopodium. The ratio of species with xylopodia to those with fleshy 
taproots, is about 5 to 1 (Rizzini & Heringer, 1961). 
Rizzini & Heringen (1961) found that in some species (eg. tlimosa 
multipinna) a xylopodium formed under natural conditions, but not when 
plants were grown under "more favourable" ones. In other species (eg. 
Clitoria gujanensis) the xylopodium formed under both. The different 
conditions were not adequately described, but plants in those more 
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favourable were grown in a soil containing more nutrients and were given 
additional water. Rizzini & Heringer concluded that species could be 
divided into those in which xylopodium Formation is genetically determined 
and occurs irrespective of growing conditions, and those in which 
xylopodium formation is induced by the naturally harsh environment (see 
also Medina (1982)). However, they did not show that plants in the first 
group formed a xylopodium under all conditions, and a better conclusion 
from their observations would be that xylopodium formation is probably an 
inherited characteristic, which shows a varying degree of phenbtypic 
plasticity in different species when grown under different environmental 
conditions. 
Tree root systems are perhaps the least studied of all groups of Cerrodo 
plants and require greater attention. Rizzini & Heringer (1962) recognised 
two patterns of root system development in tree seedlings. The first group 
consisted of species in which the "primary root (or hypocotyl) thickened as 
though it were a xylopodium". These are species able to grow as 
"undershrubs" (called subshrubs by worming (1892) and Ratter et at (1973), 
semishrubs by Eiten (1972) and hemixyles by Sarmiento et cxl (1985)), 
producing aerial shoots annually from their xylopodium - like structures, 
until condition allow them to develop into trees. The transition of a 
plant from subshrub to tree is not well understood, but appears to involve 
the continued extension of the xylopodiunHike structure into regions of the 
soil which are permanently moist, and the concom itant survival of the 
aerial shoots from one wet season to the next. When this occurs, the 
xyl opodi urn- like structure grows and extends to become a taproot many 
metres long, but retains the capacity for regeneration when the trunk is 
destroyed (Ratter et cxl, 1973). Rizzini & Heringer's second group comprised 
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species in which the taproot extended quickly to .a considerable depth, and 
did not swell to form a xylopodium-like structure. 
The main differences between the xylopodia of herbs and subsFr.bs and the 
xylopodiunr-like structures of trees (sensu Rizzini & Heringer (1961, 1962)), 
are that xylopodium-like structures are capable of continued growth and 
extension, possibly leading to the transition from subshrub to tree (see 
above), whereas xylopodia do not grow further once formed (Rizzini & 
Heringer, 1962). On this classification, xylopodiumHike structures can be 
considered as semi-determinate, and xylopodia as determinate organs. 
Furthermore, bud formation in xylopodium- like structures would appear to 
occur after the stimulus for sprouting has been perceived, whereas 
xylopodia are reported to have pre-existing. dormant buds (Coutinho (1982). 
Another group of species with extensive underground systems is that of 
subterranean or cryptophytic trees (Warming. 1892; Rawitscher, 19+8). The 
massive, I ignified. underground organs of these plants ramify over a 
considerable area, so that their "canopies" can be up to 16 m in diameter 
(Ratter et al, 1973; Coutinho, 1982). Only the terminal parts of the 
branches penetrate above the soil surface up to a height of about 1 m, and 
these bear the leaves and inflorescences. The underground system of 
sympodial branches and trunk, several centimeters in diameter, can reach 
the water-table, usually many meters below the soil surface (Coutinho, 
1982). Examples of this growth form occur in species of Macardiurn, 
Andira, 4nona and Byrsonima, genera in which most other species are trees 
or large shrubs. 
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1.7.2 The Functions of xg/opodia 
1.7..2.1 Perennation 
The ability of xylopodia and other root structures of perennial herbs and 
sthshrtbs to produce shoots annually (Warming, 1892), and following fire or 
other treatments which remove or destroy existing shoots (eg. Fern, 1971), 
has long been recognised. Xylopodia are therefore generally viewed as 
organs of perennation and regeneration, able to survive drought and fire 
during the annual 4 to 6 month dry season (Rizzini & Heringer, 1961; Ratter 
et ci, 1973; Medina, 1982), by virtue of their capacity to store large 
quantities of water (Warming, 1892; Rawitscher, 1948). and their protected 
dormant buds (Coutinho. 1982). This allows herbs and subshrubs to produce 
new leaves and even flowers, often after fire, before the first rains of the 
following wet season (Ratter et of 1973). The water' content of xylopodia, 
fleshy taproots and other root structures of Cerrado species varies between 
40 and 90% of fresh weight (Figueiredo-Ribeiro et ci, 1986), depending on 
their degree of lignification (Rizzini, 1965), xylopodia generally containing 
less water than fleshy taproots. Coutinho (1982), however, discounts the 
water storage function of xylopodia, finding little annual variation in the 
water contents of the xylopodia of Lantana monfevidensis and Isostigma 
peucedanifolium, which remained between 59 and 65%. and 55 and 56% 
respectively. Such small fluctuations in water content suggest that 
xylopodia and like structures are well protected from desiccation during 
the dry season (Rawitscher, 1948). However, the water content of the 
xylopodium of Ocimtin nudicq1e was found to decrease from 80% at the start 
of dormancy at the end of the wet season, to 25% during dormancy and the 
vegetative phase during the dry season, and then to increase again to 70% 
during flowering at the start of the wet season (FigueiredoRibeiro & 
Dietrich, 1981). Nevertheless. Coutinho (1982) considers xylopodia to be 
stores of mineral nutrients rather than water. 
The nutrient contents of 
the xylopodia of L. mortheviderisis and I. peucedaniPoliurn were found to be 
high, and phosphorus, potassium, calcium and sodium contents increased 
significantly one month following a fire. This suggests that plants are 
able intensively and efficiently, to absorb nutrients returned to the soil 
after burning and that these are stored in the xylopodium. 
1. 7. 2. 2 Mai nt6 nance and regenerat i on of the vege tat i on, 
and seed! i ng growth and establishment 
The maintenance of Cerrado vegetation is believed by most authors to be 
mainly by vegetative regeneration and reproduction (Rizzini, 1965; Medina. 
1982), and sprouting in Cerrodo plants is not confined to those with 
xylopodia, but occurs also in species with root suckers and rhizomes 
(Rizzini & Heringer, 1962). Reproduction by seed is 'generally considered to 
be unimportant (Fern, 1961; Rizzini & Heringer. 1962). although the 
establishment of seedlings may be more common than once thought (Ratter et 
a!, 1973). Conditions which may prevent germination and seedling 
establishment include drought. fire, insect herbivory and competition from 
other plants (Fern, 1961; Rizzini, 1965; Ratter et a!, 1973). There are 
conflicting reports as to whether seeds are able to germinate under natural 
conditions, although under laboratory conditions most species studied 
germinate easily (Fern, 1961). In one study, over 2000 seedlings of 
Dnmoturn nitens were found in a hectare of cerradäo, but 60% did not survive 
the first year (A. Moreira. personal communication). Even during the wet 
season there may be periods of little rainfall during which seedlings may 
experience water stress (Rawitscher, 1948), and this could be a further 
reason why seedling establishment is uncommon. The seeds of some species 
have been found to require a period of high temperature before they will 
germinate, but many do not require fire in this way (Coutinho. 1982). 
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The germination of most trees and shrubs is epigeal, but subsequently shoot 
growth is slow and root growth predominates (Rizzini, 1965). However, it 
seems unlikely that the primary root (taproot) of any species is able to 
reach permanently moist soil during the first growing season, and plants 
must therefore be able to survive one, or perhaps more dry seasons in soil 
which may dry out completely (Rizzini. 1965). The phenotogy of woody 
Cerrado plants during the seedling and sapling stages is not well studied 
(Medina, 1982). although young plants tend to lose their leaves during the 
dry season unless irrigated when they may retain them (Rawitscher, 194-8; 
Rizzini, 1965). Therefore. if seedlings are to become established, the 
ability to regenerate shoots from the young xytopodiuni is essential. The 
seedlings of several Cerrado species are able to produce adventitious roots 
and shoots if the primary root and shoot are damaged (Rizzini, 1965). 
However, there is no information about the production of buds on xytopodio 
or other plant parts at this early stage of development, or indeed at any 
stage. The regenerative ability of the xylopodiunrlike structures of tree 
L 
seedlings has been demonstrated by Dionelto (1978). Adventitus bud 
formation and growth occurred in all young plants of K. coriacea which were 
artificially burnt. This allows some tree species to become established as 
temporary subshrubs (or hemixytes), when growth as a tree is not possible, 
because of, for example, frequent fires (Sarmiento et a!, 1985). 
1. 7.3 The physi 0/ ogy and bi ochemi stry of xyl opodi a-
l. 7-3. 1 Fl ower I ng and shoot/xyl opodi urn i nteract I ons 
Treatments which destroy or remove the aerial shoots of Lantana 
montevidensis, Styloscrnthes capitata. Vernonia grandiflora and Vedelia 
gkxica, such as burning, pruning and drying the soil, induce flowering 
(Coutinho, 1982). Fire and drought can therefore act to synchronise 
flowering in plants within a particular area, and could have an important 
role in the breeding biology of species which respond in this way. The 
species mentioned above, all have underground structures of the "xylopodiuni 
type", (although Rowitscher (198) states that V.gr'andiFIora does not have a 
xylopodium) with numerous dormant bucks at or below the soil surface. 
Structural modifications in the dormant buds leading to the differentiation 
of reproductive organs only became apparent about 10 days after treatment. 
and Coutinho (1982) concluded that in these species flowering in response 
to fire is not simply the result of the growth of pre-existing floral buds. 
He suggested that the flowering response to Fire, drought. and pruning is 
dependent on the removal 'of' old branches which might contain a flowering 
inhibitor, although no evidence for this was presented. 
Fern (1971) proposed that buds on the xylopodium (or fleshy taproot, see 
above) of Cochiospermum regium are hormonally inhibited from growing by 
the presence of shoots, while sprouting from lignotubers of Euca/ptus 
ob/iquc has been correlated with a reduction in the content of an 
endogenous inhibitor from mature shoots (Blake & Carrodus. 1970. and see 
1.7.4 below). When existing vegetative shoots of C. regiurn are cut off in 
the wet season, the regenerated shoots, arising from buds released from 
inhibition, are also vegetative. When shoots are cut of'f' in the dry season, 
during which plants normally flower, the regenerated shoots produce only 
flowers. Such a distinct separation of vegetative and floral stages occurs 
in some other Cerrado species, but the stimulus for flowering in these 
plants is not known. The phenological patterns of Cerrado species in-
general suggest that there are complex interactions between day length. 
thermopeniod and hormonal relationships (Medina. 1982). 
1.7.3-2 Carbohydrate storage, dormancy and sprouting 
The ability of xylopodia and like structures to perennate and regenerate 
must involve the presence of storage compounds. Soluble carbohydrates were 
WE 
the main constituents Found in the underground organs of 17 Cerrodo and 
forest species analysed by Figueiredo-Ribeiro et al (1986). There were no 
characteristic differences between Cerrodo and forest species or between 
xylopodium and non-xylopodium species, in the contents of various classes 
of compounds analysed. Glucose and fructose were the main Free sugars 
present in all species. followed by sucrose and oligosaccharides. The main 
components of the soluble polysaccharides were rhamnose, arabinose, xylose, 
fructose, mannose, galactose and glucose. The starch content was generally 
low at less than 5% of dry weight, but was 12.2% in the xylo pod iurn of 
Aspi/ia montevidensis. Other insoluble polysaccharides included 
hemicellulose and fructans. The content of soluble protein was also 
generally less than 5% of dry weight, but in the xylopodium of 
Gomphrena ofTicinalis it was 13.0%. Although all the determinations were 
made on plants in the floral phase, the content of storage compounds and 
the activities of glycolytic enzymes in 0. nudicaule have been found to 
fluctuate depending on the phenological stage of the plants, in a way 
consistent with a role in providing metabolites for sprouting (Figueiredo 
Ribeiro & Dietrich. 1981). 
1. 7. 4 The S i ml!  ari ty between xyl opodi a and Ii gnotubers 
Rizzini & Heringer (1962) and James (1984) have noted that there are many 
similarities between xylopodia and the lignotubers of many Eucalypts, 
this has led some authors to use the words as synonyms (eg. Coutinho. 1982; 
Joly & Crawford. 1982). However, whilst xylopodia and lignotubers may have 
analogous features, the structures are not homologous and the terms should 
not be used synonomously (Eiten, 1972). Lignotubers have been most 
intensively studied in EucaI,ptcis, but less well studied lignotuber-like 
structures occur in at least 11 other families found in shrub communities 
with a Mediterranean-type climate (James, 1984). such as the Californian 
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chaparral and Chilean matorral (Montenegro. Avila & Schatte, 1982). 
Therefore, both xylopodia and lignotubers occur in taxonomically diverse 
ranges of species. Lignotubers are stern structures, arising from a 
lignotuber cambium which forms in association with a suite of accessory 
buds, adaxial to the axillary bud of the cotyledonary node (Chattaway. 1958; 
Carr. Jrke & Carr. 198 1+). They may also form at a few successive nodes 
on the stem, but only rarely below the cotyledons on the hypocotyl (James, 
1984). In contrast, xylopodia are root structures formed by localised 
secondary thickening of the primary root and often the hypQcotyl, but not 
the stem (Rizzini & Heringer. 1961). 
Despite this fundamental difference, the similarities between lignotubers 
and the xylopodia of herbs and subshrubs in their properties and functions 
are striking. Both are hard and woody, being composed mainly of xylem 
elements, and both accumulate storage compounds in xylem parenchyma 
(Rizzini & Heringer. 1961; Carrodus & Blake, 1970; Bomber & Mullette, 1978). 
Both have also been considered as important stores of inorganic nutrients 
(Coutinho, 1982; Mullette & Bomber, 1978). The process whereby in some 
Eucalypts stem growth exceeds lignotuber growth as saplings age, so that 
eventually the lignotuber cannot be distinguished (James, 1984; Carr. Johnke 
& Carr, 1984) may be analogous to that in which the xytopodium or 
xylopodium- like structure is lost in subshrubs or shrubs which develop into 
trees (Rizzini & Heringer. 1962). Both are able to regenerate adventitious 
shoots from epicormic buds when the main shoot is damaged or dies 
(Carrodus & Blake, 1970; Coutinho, 1982). The failure of these buds to grow 
when the main shoot is intact has been attributed in both to an effect of 
apical dominance mediated by inhibitory growth substances (Blake & 
Carrodus. 1970; Fern, 1971). In Eucalyptus obliqua temperature variation 
was found to be more important than photoperiod in controlling seasonal 
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variation in apical dominance (Blake, 1972), and in Ocimun rtudicxile 
temperature fluctuation was found to be important in controlling sprouting 
from dormant pieces of xylopodium (Figueiredo-Ribeiro & Dietrich, 1983). 
Both I ignotthers and xylopodia are considered to be adaptations which allow 
the regeneration of plants following the destruction of their aerial parts, 
by for example fire, and are considered to be alternative strategies for 
survival to regeneration from seed (James, 1984; Carr, Johnke & Carr, 1983; 
Warming, 1892; Ratter et al. 1973). 
1. 7.. 5 The occurrence of xyl opodi a wi thi n the genus 
Kielmegera 
Since the object of this study is Kie!meyera coriacea, information about 
xylopodio within the genus is of relevance. About one third of Kielmeyera 
species possess a xylopodium, although it has taxonomic value only above 
the species level as it is so variable (Saddi, 1982). Thus within Section 
Coriacea Wowra emend. Soddi, Series Corymbosae (Wawra) Sad. which has a 
xylopodium, can be separated from Series Coriacea (Wawra) Sad. which does 
not. Xylopodia also occur in Section PIatjpIeura Sad.. The occurrence of a 
xylopodium may vary within a species; for example, K. ru'orif'!ora var. 
rubriflora is normally found with a xylopodium, but in var. major it is 
rare. The tendency to develop a xylopodium also occurs in K. argentea, a 
non-Cerrado species from the sand-dunes of Bahia, which is evergreen with a 
coespitose habit and a very large woody base. 
According to Saddi, all species which possess a xylopodium are subshrubs or 
sometimes shrubs (for example, K. rosea, regalis, corpbosa and rrif1ora), 
and show annual regeneration. In K. rosea, ru'orif7ora and regIis, the 
xylopodium is lost when the plant has the opportunity to develop as a tree. 
However. Rizzini & Heringer (1961. 1962). studying seedling development in a 
number of Cerrado trees and shrubs, place K. coriacea, as well as K. 
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cormbosa, in the group of species with xylopodium-like structures, able to 
grow as sub-shrubs until conditions allow development of the tree form. 
Soddi makes no mention of xylopodiunriike structures, and states that 
K. coriacea does not have a xylopodium. Differences like this may have 
arisen because authors have studied plants at different stages of 
development, and hold different views as to what xylopodia and xylopodium-
like structures are. Therefore, the precise nature of xylopodia in the 
genus remains unclear. A detailed study of the comparative biology of the 
xylopodia and xylopodium-like structures of different Kielme,jera species 
and a comparison with species which do not form a xylopodium would be 
particularly useful. 
1.8 The choice of' Kielmeyera coriocea and the aims of the 
project 
Kielmeyera coriacea was a convenient species to study because firstly, and 
most importantly, it is a characteristic Cerrado tree species (Fern, 1961) 
which produces a xylopodiumlike structure (Rizzini & Heringer, 1962). 
Kielmeyera is more-or-less endemic to the Brazilian region (Goodland, 1970), 
and K. coriaceo is one of the most geographically widespread species in the 
genus (5addi, 1982). Secondly, Kielmeyera species have been used in several 
Cerrado studies, for example, the work of Rizzini & Heninger (1962) on 
seedling growth, and that of Joly and Crawford (1982) on the tolerance and 
metabolic response to flooding of tropical trees. There have also been 
studies with K. coriocea on seed germination and seedling development 
(Dionello, 1978), breeding biology, and the relationship between the growth 
of the root and the shoot (Arasaki, 1988). Thirdly, seed could be supplied 
to Edinburgh, and it was believed that plants could be successfully grown 
under controlled environment conditions (cf. Joly & Crawford. 1982). 
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By studying K. coriacea, this project attempted to extend what is known 
about the formation and properties of the "xylopodium - like" structures 
produced by many Cerrado trees and shrubs, and about seedling growth and 
development in these species in general. 
The first aim of this project was to describe the formation of and to 
investigate the properties of the xytopodium - like structure (henceforward 
ref ed to as the xylopodium (see 6.5.3.1)) in young plants of 
Kielmeyer'a coriacea. Initial observations showed that the main roots of 
plants grown in controlled environment growth rooms (ce-grown) began to 
swell before plants were SO d old, and this was taken to indicate that 
xylopodium formation had.begun. Means of describing changes in the 
morphology of the main root were devised, and then used together with 
measurements of root dry weight, to follow growth and development of the 
xylopodium. In addition, xylopodium formation was examined in relation to 
the accumulation of the reserve compound starch, since initial tests with 
potassium iodide solution had indicated the presence of starch in the 
swollen roots of seedlings, and in relation to the development of the 
capacity to regenerate adventitious shoots, since this property is essential 
to seedling establishment in the Cerrado. The anatomical basis of 
xylopodium formation was also investigated and the structure of the mature 
xylopodium examined to determine whether it was similar to or different 
from that typical of the xylopodia of herbs and sub-shrubs described by 
Rizzini & Heringer (1961, see 1.7.1). Next, the relationship between 
xylopodium formation and the growth of the root system as a whole was 
examined, and finally, xytopodium formation and root system growth in 
field-grown seedlings was investigated These results are presented in 
Chapter 3. 
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The second major aim of the work was to investigate seedling growth and to 
examine the relationship between xylopodium formation and other 
developmental events occurring during plant growth. The process of 
xylopodium formation can be viewed as being dependent on dry matter 
production by the seedling and on how this is partitioned between plant 
parts. Components of dry matter production and its partition were examined 
using growth analysis and carbon -14 studies in which the export of labelled 
assimilates from the cotyledons and first leaf' was followed. The apparent 
importance of the leaf-like cotyledons in seedling growth led' to a 
preliminary structural and' functional comparison of the cotyledons and 
leaves. From the carbon-14 studies it was possible to estimate the timing 
of the transition of Leaf 1 from net import to net export of assimilate, 
and thus to estimate the length of time that seedling growth was dependent 
solely on the cotyledons for carbon. The growth analysis investigation and 
comparison of cotyledons and leaves is presented in Chapter 4, and the 
1 CO2-feeding investigation in Chapter 5. 
At all times, attempts were made to assess the relevance of results and 
conclusions obtained with ce-grown plants to the survival of plants in the 
Cerrado during their first year of growth. To this end, studies were 
undertaken in Brazil, during which field observations were made and 
experiments conducted on plants grown in Cerrado soil under field 
conditions. The major findings and conclusions of the work are presented 
in Chapter 6. 
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2 P1'i7ERTALS AM) P[7M1 
2.1 	Plant material: seed origin md storage 
Fruits of K. coriacea were collected by members of the Dept. Fisiologia 
Vegetal-IB, Uiicomp, Caixa Postal 6109, 13081 Campinas SP., Brasil, From 
Cerrado sites near Compinas and Itirapina. Sâo Paulo State, Brazil. Seeds 
were separated from the Fruit, dried under incandescent lights for several 
weeks and stored in glass bottles at 4C. In Edinburgh, seed was kept in 
paper bags at room temperature or 4C. Seed viability remains high for up 
to 16 months (Dionello. 1978), but seed older than 1 year was not used. 
Storage temperature did not affect germination. 
2.2 Establishment of the cultural method 
At the start of the project no protocol was available for the cultivation of 
K. coriacea for growth room studies, and so a suitable method had to be 
established. 
2.2.1 	&owth room conditions 
The purpose of a controlled environment growth room is not. to exactly 
duplicate field conditions, but since differences in ontogeny between field-
and controlled environment-grown (ce-grown) plants were undesirable, 
conditions of temperature and daylength (2.3.1) were chosen to approximate 
to those of the Cerrado summer (or wet season) (1.2.1). There are few 
published observations of relative humidity (RH) in the Cerrado (Ratter et 
a!, 1973), but day-time values of less than 50% appear 10 be common with 
values sometimes as low as 20% (Rawitscher, 1948). RH in the growth room 
varied between 30 and 45% (Fig. 2.2). 
2.22 	Gnination 
To determine suitable conditions for germination, different treatments of 
light and temperature and different seed preparations were compared. It 
was desirable that a large number of seeds should germinate over a short 
period to keep subsequent variation in the material to a minimum (see Al). 
Although seeds of IC coriacea do not show dormancy (Dionello. 1978), 
removal of the seed coat might be expected to quicken germination by 
lessening mechanical impeclence on the radicle. Seeds were germinated in 
light or dark since germination in temperate and tropical species can be 
either dependent on or inhibited by light (Longman & JenIk, 1974; 
Etherington, 1982). All treatment combinations were replicated 4 times (10 
seeds per replicate prepared as in 92.3.2) and experiments were done at 25 
and 30C. Seeds germinated equally well in light and dark, and at both 
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Fig. 2. 1 The percentage of seeds of K. cor I ocea germi nut Ing 
with time in days from sowing on petri dishes for 8 
treatment combinations of temperature, light and 
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germination (Fig. 2.1). At day 10 (dlO) there were no significant 
differences in fresh or dry weight between seedlings germinated at 30C 
without the seed coat in either light (106 ±6.9 mg, n40) or dark (113 
±12.4 mg, n10). Therefore, seeds were routinely germinated without the 
seed coot and in the light, since this avoided any effects due to 
etiolation. Under these conditions about 80% of seeds germinated between 
1' 
d3 and dlO, at which time germinated embryos were transfeed to pots of 
soil. Only embryos with roots longer than 15 mm (about 50-60% of those 
germinated) were transferred to pots, to reduce variation in the material 
(Al) and because embryos with roots shorter than this did not always 
survive transplanting. 
2.2.3 	&öwirv meditan 
Since the project was to be concerned largely with xylopodium formation, a 
hydroponic system which would have allowed repeated examination of the 
developing root system of single plants would have been ideal. However, 
attempts to grow plants using the solution culture method of Milligan 
(1986) were unsuccessful. On transferring 2 week old plants to nutrient 
solution, with or without aeration, growth was initially checked. When it 
resumed several weeks later root development was abnormal; a xylopodium 
was not formed and a thick, deeply fissured, friable layer of cork 
proliferated on the main root. Joly and Crawford (1982) report K. coriacea 
to be intolerant of flooding. Attempts were also made to grow plants in 
vermiculite, which can easily be washed away from roots, but were abandoned 
because necrotic patches appeared on some leaves. The reason for this may 
have been that the pH of vermiculite is about 2 units above the pH range 
for Cerrado soils (Table 2.1; Haridasan, 1982). Plants grew better in sand, 
but best in a 1:1 (v:v) mixture of peat and sand, particularly in long term 
experiments. The ph of both media are typical of Cerrado soils, but that 
of the peat/sand mixture was closer to the pH of the Cerrodo soil used in 
field experiments (Table 2.1). Furthermore, the pH of sand increased with 
length of time supporting plant growth, whereas that of the peat/sand 
mixture remained constant (Table 2.1). For routine use, the peat was 
riddled through a inch mesh before mixing with sand, because main root 
tips became damaged and died when they grew into large pieces of compact 
peat. Initially, plants were grown in shallow square pots, but these also 
caused damaged main root tips, and so 10 cm diameter, 12 cm deep pots were 
used instead. Coiling around the bottom of these pots did not check main 
root extension or plant growth, and main root dry weight and root/shoot 
ratio increased for more than 100 d (Ch.3), suggesting that the phenomena 
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Table 2.1 pH of fresh and old media used to g-ow seedlings of K. car locea 
l measurements were mrzk on a 1:1 (v:v) mixttre of median end 
nutrient solution. 






After 100 d of seedling growth 
Vermiculite 	8.2 (0.21) 	 - 
Sand 	 5.6 (0.19) 	 6.3 (0.22) 
Peat/sand 	 3.5 (0.16) 	 3.6 (0.20) 
(1:1, V: V) 
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studied were not the result of restricted growth in "pot bound" plants. 
Since Cerrodo soils are dystrophic (1.3.2), h/to  strength and not full 
strength Hoagland's solution was used (Hoagland & Arnon, 1938). and 
produced healthy plants with xylopodia. 
2.3 5tmth7'd ctjftLrol method 
This section describes the standard cultural method used for all 
experiments in Edinburgh, unless otherwise stated. 
2.3.1 	&'owth room conditions 
A walk-in growth room in the Botany Deportment was used which supplied 
light at an irradiance of 330 pmol m 2 s at pot level from 56 Osram 
Liteguard 65/80 V warm white fluorescent tubes and 12 40 V tungsten bulbs. 
The 24 hour cycle was set to a 13 h photoperiod, 11 h dark' period with a 
corresponding 30/20 (±1.0) •C day/night temperature regime (Fig. 2.2). 
Typically. RH varied between 40 and 45% during the photoperiod, increasing 
over the dark period to 70% immediately before the lights were switched on 
(Fig. 2.2). On the days before watering. RH could be as low as 30% during 
the photoperiod. 
2.3.2 	(rninatim method 
To prevent; contamination by seed-borne micro-organisms, seeds, with the 
seed wings removed, were soaked for 10-15 min in 500 cm 5% (w:v) sodium 
hypochlorite solution plus a drop of Tween 80 as a wetting agent. Seeds 
were then washed and soaked in running tap water at 20-25'C overnight. 
The seed coat and thin, translucent membrane surrounding the embryo were 
removed, and the naked embryos germinated on 2 thicknesses of filter paper 
saturated with 10 cm' distilled water in 9 cm plastic Petri dishes (10 per 
dish). The dishes with their lids on, but unsealed, were put in the growth 
room on day 0 (dO). The filter paper was kept saturated, and any infected 
seeds removed immediately. The time course of germination under standard 
growth room conditions was similar to that at a constant 30C in Fig. 2.1. 
2.3.3 	Trxrfer of guy inated embqyps to pots of soil mci sthseqt.t 
treatment 
Single, germinated embryos, with roots longer than 15 mm, were transferred 
on dlO to pots (10 cm diameter, 12 cm depth) filled with a 1:1 (v:v) 
mixture of inchriddled peat; and fine, river-washed sand, soaked in 
distilled water. Pots were placed in the growth room and covered with a 
sheet of clear polythene supported 5 cm above the cotyledons on wooden 
sticks to prevent desiccation of the seedlings. In addition, plants were 
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removed and each pot given 50 cm' 	strength Hoaglands solution 
(nutrient solution). Subsequently plants were given 100 cm nutrient 
solution on Monday, Wednesday and Friday every week, with additional 
distilled water when necessary. 
2.4 	Cultural method For Field experimts (see Arasaki, 1988) 
Seed was germinated and transplanted by Felicio Arasaki of the Dept. 
Fisiologia Vegetal, Unicamp. 4 batches of seed were germinated to provide 
material of various ages. Seeds were soaked overnight in a beaker of tap 
water at 30T. After removing the seed coat, embryos were germinated on 2 
thicknesses of filter paper saturated with distilled water in 15 cm petri 
dishes at 25C in continuous light of 320 iV cm supplied from fluorescent 
tubes. On d12, seedlings were transferred to small plastic cups filled with 
Cerrodo soil and kept in the greenhouse of the Dept. Fisiologia Vegetal. 
Seedlings were taken at various times to the Reserva Biologia do Instituto 
Florestal de So Paulo in the MunicIpo de Itirapina (lat. 2201 5, long. 
4753 W), where they were transferred to black plastic tubes (10 cm 
diameter, 40 cm deep) filled with approximately L.  kg of Cerrado soil (+ or 
5 seedlings per tube). Tubes were watered daily by staff at Itirapino, but 
not given any additional nutrients. Seedlings were shaded with a black 
plastic mesh held about 1 m above the tubes, which reduced the irradiance 
incident on them to between 30 and 50% of direct sunlight depending on the 
time of day. Seedlings were grown between August and November, that is 
late spring and early summer in the Cerrado. 
Plants were harvested by slitting the tube along its length and washing the 
soil away from the root system with a gentle flow of water from a hose. 
Plants were sealed in platic bags and taken to the Dept. Fisiologia Vegetal, 
Unicamp For furlher processing. 
2.5 &'owth malpis experim*.s 
25.1 	F*rvesting techniques 
Plants were removed from their pots underwater, transferred to clean water 
and the root systems cleaned with a small brush, taking care to damage as 
few of the delicate roots as possible. Plants were then blotted between 
paper towels to remove excess water. Either 5 or 10 plants were harvested 
at 5 or 10 d intervals between dO and d50, with additional harvests at d75 
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2.5.2 	Pj-emts of weight, length and a'ea 
Fresh and dry weights were measured to the nearest 0.1 mg. Plant material 
was dried to constant weight at 80*C in a Forced draught oven. Lengths 
were measured to the nearest mm, and root diameters to the nearest 0.25 mm 
using a scale graduated in 0.5 mm. Leaf areas were measured by tracing the 
outline of each leaf onto paper which was then cut out and the area 
determined by weighing. Alternatively, areas (LA, in cm') were determined 
from measurements of leaf length (I, in cm) and breadth (b, in cm) using 
the appropriate equation from below; 
cotyledons LA 	= 1.06(it(l x b)/) - 0.07 (r0.988, 63df) 
Leaf 1 LA 	= 0.88(t(l x b)Th) - 1.05 (r0.995, 57df) 
Leaf 2 LA 	= 0.83(it(l x b)/1+) - 2.37 (r=0.992, 22df) 
other leaves LA 	= 0.85(ir(l x b)/'+) - 1.52 (r0.997, 17df) 
2.5.3 	Calculations aid statistical males 
Data were handled and derived quantities calculated using the procedures of 
Hunt (1978) and Evans (1972). Statistical analyses in these and other 
experiments were carried out in accordance with Parker (1979) and Snedecor 
and Cochran (1980). 
2.5.31 Calculation of root segment volume and the maximum 
and minimum ages of cells in each segment 
The volume of root segments Si to S (3.2.1) was calculated assuming that 
each segment consisted of two truncated right cones. Half the cross-
section of one such cone (DECB) is shown below. 
'A' 
Knowing DE, BC and EC from measurements of root diameter and length (see 
Ch.3), the volume of each truncated cone can be estimated and the volume of 
each segment calculated by summation. 
volume of DECB = (vol . ABC) - (vol. ADE) 
volume of a cone = (1/3)thr 2 
vol. DECB = it(p + qm2 - lt4n2 	 (1) 
3 	 3 
q is unknown, but by si mi I or 6s, 
rn/(p + q) = n/q 
q = np/(m - n) 
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substituting for q in (1) and rearranging gives. 
vol. DECB = ,rr(p(m3 - n/(rn - nfl 	 (Eqn. 2.1) 
3 
A computer program was written using Eqn. 2.1 to calculate segment volume 
routinely. Where m=n, the equation for the volume of a cylinder was used. 
The maximum and minimum ages of cells in segments Si to 54 at any harvest 
can be determined in the following way. 
Let a root be harvested at age T at which it is x units long, and be 
divided in four segments of equal length each of x/L+ units, labelled from 
the proximal end, Si to SLi.. 
Si 	S2 	S3 	$4 
I 	V//I/li  
tO:O 
x/4 
I 	x/2 	t2 
3x/4 	 PO I- 
I 	 x 
Let tO to tk be the ages of the root when it was 0, x/Li, x/2, 3x/4 and x 
units long respectively. The values of ti to t3 can be read from a graph 
of main root length against age (tO = 0 and tk = T by definition) (see 
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Since roots expand only from their tips, the cells of 52, for example. at 
time T were produced between ti and t2. The maximum and minimum ages of 
cells in S2 at time T are therefore given by (T -tl) and (T- t2) 
3x 




respectively. Maximum and minimum ages of cells for each segment are 
given below. 
M-  61111:481 	 W 0I!I.siirn,i.r.r- 
51 T - tOT 1-ti 
52 T - tl T-t2 
53 T-t2 T-t3 
54 T-t3 T - tl+=O 
	
2.5.32 	Estimation of f11otonthetic rates fran g'wth aoiysis thta 
Photosynthetic rate (Ps) is a function of the change in plant dry 
weight (AW) per unit time (1) per unit leaf area (LA); 
P = f ((AW) / ( T.LA)) 	 (Eqn. 2.2) 
If it is assumed that dry weight is 15%  carbon (Salisbury & Ross, 
1978), then Ps in terms of carbon dioxide can be estimated over the 
period Tito 12 as; 
PsT1-T2 = (AW.V-) / ( T.LA) 	 (Eqn. 2.3) 
where W. = 1.65, T is the length of time between Ti and T2 during 
which phototsynthesis could have occurred, and LA is the mean leaf 
area over the interval.  If Ti and T2 are expressed 'in days from 
germination, H is the daily photoperiod in hours, Wi and W2 are plant 
dry weight in mg, and Li and LA2 are plant leaf area in dm 2 at T1 
and T2 respectively, Eqn. 2.2 can be rewritten as; 
PsT1-T2 = Wr(W - W1). 	2 	 (Eqn. 2.4) 
H (T2 - Ti) (LA2 + LAO 
giving Ps in rngCO2 dm-1 h. 
Eqn. 2.4 shows that Ps is based on an estimate of unit leaf' rate 
between Ti and T2 (ETi-T2), so that; 
PsT1-T2 = 	.ETI-T2 	 (Eqn. 2.5) 
H 
and assumes that plant dry weight increases linearly with the square of 
leaf area per plant (Evans, 1972). This was found to be so for K. coriacea. 
(If it is not true, then a different appropriate estimate of unit leaf' rate 
can be substituted in Eqn. 2.5 (see Evans, 1972)). 
2.6.1 	The ability of plaits of different ages to regate shoots 
Plants aged between 20 and 200 d were decapitated just below the 
cotyledonary node. Either 5 or 10 plants were treated at each age, and 
subsequently kept in the growth room and given 100 cm nutrient solution 
once a week with more as necessary once shoots had been regenerated. Pots 
were then examined weekly for evidence of regeneration, the emergence of 
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one or more shoots above the soil surface being recorded. The number of 
regenerating plants still alive at the end of the experiment (20 weeks 
after decapitation) was also recorded. 
2.6.2 	The ability of main root segnts to reate shoots 
Four 100 d old plants with main roots 251 (±10) mm long were used. The 
shoot was removed at the junction of the hypocotyl and root and the root 
system removed from its pot (see 92.5.1). The main root/xylopodium was 
then cut into Li segments of equal length, taking core to damage as few 
lateral roots as possible. The cut ends were dipped in green sulphur to 
prevent fungal infection and each segment replanted, maintaining its 
original vertical orientation, in a pot (8x8x7 cm) filled with fresh 
peat/sand medium so that about 5 mm of the root piece stuck out of the 
soil. Pots were kept in the growth room and given 50 cm' nutrient solution 
every week with more as necessary following regeneration. Regeneration was 
monitored as above. 
2.7 Ca-ban-14 CO_- feeding epeimts 
Two "CO2 feeding experiments were done (see Ch.5); one in which cotyledons 
were fed (Cotyledon Feed experiment) and one in which Leaf 1 was fed (Leaf 
Feed experiment). 
2.7.1 	'W Peding 
Plants were fed "CO2: in the growth room and kept there till harvesting. 
CO2 was fed by attaching a perspex cuvette with 'bulldog" clips over an 
area of 284 mm' of the adaxiol surface of one cotyledon or Leaf 1 of each 
plant. ft pump circulated air at 200 cm' min around a closed system for 
10 min into which 7.4 x 10 Bq (20 iCi) 	CO2 was released by the addition 
of 1.5 cm' 1M HCI to a reaction chamber containing 100 il (SI units or 
derived units are used throughout, but the jul is retained as a useful non-SI 
unit) of a stock solution containing 0.5 cm' NaH 1 COz solution (37 MBq at 
2.15 GBq mmot. Aniersham International plc, Amersham, Bucks, England) and 
4.5 cm---1  0.05M NaHCO (BDH Chemicals Ltd., Poole, Dorset, England) 
(Bauermeister, Dale, Williams and Scobie, 1980). From the reaction chamber 
air bubbled through slightly acidified distilled water before passing to the 
cuvette and bock to the pump. After each feed, the system was purged of 
remaining 1 CO2 by passing the air through LI 'Cc'bosorb' traps (BDH 
Chemicals Ltd.) for 10 mm, after which the cuvette was removed (Fig. 2.3). 
There were two exceptions to this general procedure; at d32 in the Leaf 
Feed experiment, the entire longitudinally folded leaf was fed, and at d23 
in the Cotyledon Feed experiment when the normal cuvette could not be 
Fig. 2. 3A Block diagram of the system used to Peed 14CO2 to 
cotyledons and leaves of K. coracea seedlings 
Glass vials (17 mm diameter, 38 mm length) sealed with 
`Sthaseals were used for the reaction chamber, humidifier 
and 	traps. Inlet and outlet ports to each vial were 
made from lengths of stainless steel tubing (internal 
diameter 1.0 mm) sharpened at one end to pierce the 
'&Laseal'. The components of the stem were connected 
with clear, rubber tubing (internal diameter 1.0 mm). 
l-hdrochloric acid was introduced into the reaction chamber 
with a s,ringe. 
Fig. 2.36 Technical drawing of the large cuvette used to feed ' 4CV 
to cotyledons and leaves 
The cuvette was constructed in the Botany Dept. Vorkshop 
Prom clear perspex (hatched in Section AA) and foam rubber 
sealing strip (solid in Section M). The inlet and outlet 
ports were'mode from stainless steel tubing (internal 
diameter 1.0 mm). 
The small cuvette was the some length but only 20 mm in 
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attached to young cotyledons because of their small size, a smaller cuvette 
(64 mm2) was used with a feed time of 15 min instead. 
2.7.2 	fbirvesting 
Plants were harvested (see §2.5.1) 21+ h after feeding when export of label 
from the fed organ was likely to have fallen to a low level (Anderson and 
Dale. 1983). and divided into individual cotyledons and leaves. hypocotyl, 
main root/xylopodium and lateral roots. Fresh weights were measured and 
leaf tracings made for area determinations before individual pieces were 
wrapped in aluminium foil and plunged into liquid nitrogen and then stored 
at -1+0C. 
2.7.3 	&tr=tion and cotrtirv of rc,jiocx.thivity 
The method used was developed by Dickson (1979) specifically .. For woody 
material, and allows 	C to be counted in several chemical fractions. It is 
also compatible with a quantitative method of estimating starch in similar 
material (see 92.8). Three main Fractions were extracted; a 'Soluble' 
fraction, a 'Starch' Fraction and a 'Residual' fraction. The proc€dure is 
summarised in Fig. 2.1+. 
2.7.3.1 	Extnxticti of the 5oIthle frxticr 
Plant material was homogenised in 2-1+ cm of a mixture of methanol, 
chloroform and distilled water (12:5:3, v:v:v) (MCW) in a hand-held glass 
homogeniser. The homogenate was poured into a 15 cm 3 polypropylene or 
glass centrifuge tube and the homogeniser rinsed with 3 cm (2 + 1 cm) 
MCW. The rinsings were added to the tube which was then centrifuged at 
1200 g for 15 mm. The supernatant was decanted into a glass test tube 
and the pellet resuspended in 2 cm MCW and centrifuged a further 3 times, 
or until no more colour was removed from it. All the supernatants were 
combined, made up to a standard volume and kept in the dark at 1+•C until 
counting. 
2.7.3.2 	Extraction of the Starch ft-action 
The pellet remaining in the tube was resuspended in 2-1+ cm' distilled 
water, and the tube, capped with a marble, placed in a boiling water bath 
for 1.5 h to gelatinise the starch. The tube was removed and allowed to 
cool to room temperature before the addition of 1-2 cm' of amyl oglucosidose 
(E.C.3.2.1.3) (Sigma Chemical Co. Ltd., Poole, Dorset. England) at a 
concentration of 1 mg cm 	in 0.2t1 sodium acetate buffer, pH adjusted to 
1+.7 with glacial acetic acid. The tube, capped with a marble, was then 
incubated for 1.5 h at 55C. cooled and centrifuged at 3000 g for 15 mm 
(Davies and Oparka. 1985). The supernatant was decanted, made up to volume 
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FiqL 2.4 	Flow dut of the method Ltsed to extract 56lthIe', 'Starch' and 
'Residjjl' frtz,tkns Prcxn mate-1a1 of K. coriacea 
The 8 major chemical Fractions extractable using Dickson's (1979) 
carqIete method are Indicated by v ertical lines. 
TISSUE 
Homogenise in 2-4 cm MeOH:CHCI:3:H20 (12:5:3. v:v:v) (MCW) 
Centrifuge at 1200 g for 15 mm. 
Re-extract pellet 3-5 times in 2 cm FICW. 
SUPERNATANT PELLET 
Combined supernatants from Resuspend pellet in 2-+ cm distilled 
previous step: water. 	Gelatinise starch in boiling 
'Soluble' fraction water bath for 1.5 h. 	'Cool to room 
Pigments temperature. 	Add 1-2 cm 
Lipids amyloglucosidase in acetate buffer and 
I Amino acids incubate at 55'C for 1.5 h. Spin at 




SUPERNATANT 	 PELLET 
I 'Starch fraction' 	 Treat with 1-2 cm Hyamine hydroxide 
at room temperature in the dark for 
1' 24 h 
COUNT RADIOACTIVITY 










and stored in the dark at 4C until counting. Reincubation of the pellet as 
above with 1 cm' enzyme solution extracted a further small quantity of 
label amounting to 4% of the combined total (see aslo 2.8.3). 
2.7.3.3 	The ResidAul fraction 
The residual pellet was resuspended in 1-2 cm-' Hyamine hydroxide 
(methylbenzethonium hydroxide, approx. iti in methanol. Sigma Chemical Co. 
Ltd.) and left in the dark at room temperature for 24 h before counting. 
2.7.3.4 	Counting or radioactivity 
250 il of each fraction were added to 5.0 cm' of a scintillont cocktail 
(toluene:Triton X-100, 2:1 (v:v). plus 5.0 g dm 	butyl-PBD. Sigma Chemical 
Co. Ltd.) in plastic vials (Anderson and Dale, 1983). These were placed on 
a south-facing windowsill for 3-4 d to allow bleaching of the soluble 
fraction (Lee, 1980). All samples were then kept at '+T in the dark for 24 
h to reduce cherniluminesence before counting in an Intertechnique SL-3000 
liquid scintillation counter. Counts were corrected for background and for 
quenching using the internal standard channels ratio (15CR) method and 
expressed as disintegrations per minute (dpm). Counting eff'iciences were 
between 20 and 80% for the Soluble fraction, 30 and 60% for the Starch 
fraction and 10 and 30% for the Residual fraction. This last figure agrees 
well with that quoted by L'Annunziata (1979) for Hyamine 10-X with this 
particular scintillant cocktail. The ratio of values for total dpm 
recovered per plant estimated from two independent 15CR calibrations was 
1.070, and the difference in the proportions of label in Soluble and total 
insoluble fractions 4%. 
2.7.4 	The treatment of results and the calculation of c"ived quantities 
2.7.4.1 	Differences between the plaits used in the two main ecpe"imts 
In the Cotyledon Feed experiment, the apparent plastochron of the plants 
used was 7 d and Leaf 1 emerged on d20, but in the Leaf Feed experiment, 
plant development in this respect was slower; the apparent plastochron was 
8 d and Leaf 1 emerged on d2. Thus at identical plant ages, leaves in the 
Cotyledon Feed experiment were older in terms of days from emergence, than 
corresponding leaves in the Leaf Feed experiment. Differences between 
experiments in leaf area at similar leaf ages were not statistically 
significant, and therefore, comparisons between experiments were generally 
made on the basis of the age of Leaf 1. For example, Leaf 1 was 20 d old 
at d40 in the Cotyledon Feed experiment, but at d44 in the Leaf Feed 
experiment. In order to make comparisons on the basis of plant age, data 
from the Leaf Feed experiment were adjusted so that the time of emergence 
of Leaf 1 was considered to be d20 instead of d24, since this was the more 
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typical time of emergence for this leaf (Ch.f-). Thus plants from the 
harvest at d+8, for example, were considered to be 44 d old. 
2.7.42 	A-im-y aid derived data 
Primary data were the amounts of label recovered from each 	 plant 
part in the Soluble, Starch and Residual fractions. 
Primary dc*a 
1 	Amount of label recovered from plant port (I) 
in Soluble (so). Starch (st) and Residual (re) 	iy. iyt, 
fractions 
From these data a number of further quantities were derived as 
summarised below. 
Derived dto 
1 	Total amount of label recovered per plant 	 (A=Ziy.c + iyt 
tn 
where n is the number of plant parts 	 + 
2 	Total amount of label recovered from all plant ports other than 
the fed organ 	 (A'A-(iy:: + 
where i is the fed cotyledon 	 + iyt. + iyr)) 
3 	Export (E) 	 (E = A'/A) 
Export capacity (E) of cotyledon pair or Leaf 1 
(E = A x (area of cotyledon pair or Leaf 1) / (fed area)) 
5 
	
	Estimated amount of label imported by plant part (iy') from 
either the cotyledon pair or Leaf 1 
y x (area of cotyledon pair or Leaf 1) / (fed area)) 
6 	Specific activity of label in plant part or fraction 
(s = ty (or ±y) 	. 	.- .- 	/ (fresh weight of plant port 
in mg)). 
7 	Photosynthetic rate 	 (Ps. see 
§2.7.4.4) 
Before derived quantities could be calculated for d23 in the Cotyledon Feed 
experiment, primary data were divided by (64 x 15) and multiplied by (284 
x 10) to convert to the some exposure to "CO2 in mm 2 min as at other 
treatment times (see 92.7.1). 
Export from the fed cotyledon or Leaf 1 is defined as the ratio of the 
amount of label recovered from all plant parts other the fed organ to the 
total amount recovered per plant. Export capacity is the quantity of label 
that would have been exported from the cotyledon pair or Leaf 1 had the 
entire odaxial surfaces of these organs been fed under the same conditions 
as in these experiments, assuming that the whole organ behaves in the some 
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way as the fed portion. Similarly, the amount of label imported by a 
particular plant part can also be expressed on a per cotyledon pair or per 
leaf basis. 
When considering changes with plant age in either the actual or relative 
contributions of assimilate mode by the cotyledons or by Leaf 1 to the 
growth of the whole plant or individual parts of it. it is the extrapolated 
quantity of label as calculated above, which is of interest. However, the 
important assumptions mode are that any effect of the high concentration of 
CCk in the feeding system (see 	 on photosynthesis of the cotyledon 
and Leaf 1 were similar, and that any effect was similar in all ages of 
plant. Additionally, in the following analysis of results (see Ch.5), it is 
assumed that the specific activity of 1 C-label in the assimilate exported 
from the fed part of the cotyledon and Leaf 1 to all parts.of the plant was 
uniform. 
2.7.4.3 	Calculation of the conctration of CO--in the feeding sitai 
The total amount of CO2 in the feeding system included that released from 
labelled and carrier NaHCO and the amount present in air. The stock 
solution contained 0.05 M NaHCOs and Naft' 4CO3 in the ratio 9:1 (v:v). 500 
il NaH"CO3 solution contained 37 MBq at a specific activity of 2.15 GBq 
mmol 1 . The reaction chamber contained 100 il of stock solution. 
One mole of carbon dioxide is released from one mole of labelled or carrier 
bicarbonate according to the equation; 	- 
NaHCO:3 + HC  4 CO + F-1O + NoCI 	(Eqn. 2.6) 
a.""CO2 released from NOH 14CO2: 
10 41 NOH11CO3 solution released 
(37 x 106 x 10)/(2.15 x 10 	x 500) = 3.44 x 10 	mol "CO2 
b. CO released from carrier NaHCOz.: 
90 jul 0.05M NaHCO solution released 
(0.05 x 90)/106 = 4.50 x 10 	mol CO3 
the total quantity of released Me in the Feeding system was; 
+ b = 4.84 x 10'mol CO2 
One mole of gas occupies approximately 25 dm at 30C and 1 atm. 
at 30C this quantity of CO2 occupied a volume of; 
.84 x 10 x 25 x 1P = 0.121 cm 
The volume of the feeding system with the normal cuvette was 20 cm3 . 
the concentration of released CO2 in the feeding system was; 
(0.121 x 100)/20 = 0.606% 
the concentration of all CO2 in the feeding system was; 
0.606 + 0.03 	= 0.640% 
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if it is assumed that the ambient concentration of CO2 is 0.03%. 
The concentration of CO2 in the feeding system with the smaller cuvette was 
0.670%. The possible effects of these concentrations of M. in the feeding 
system are discussed in §5.8. 
2.7.4.4 	Estimation of photonthetic rate Pram l4C_f jr g  data 
Although these experiments were not specifically designed to measure 
photosynthetic rates, an estimate of these could be mode as follows. Given 
that: 
1 mole CO2 	44 g 
1 mole "CO2 46 g 
specific activity of 1 C = 2.15 GBq mmol 1 
'CO2 was initially 7.2% of the total CO2 within the feeding 
system (see 92.7..3) 
74 x lOS Bq 	LfLfLf x 10 	dpm 
1 dm' 	1 x 10 	mm' 
a rate of photosynthesis can be estimated from the total amount of label 
recovered per plant (A). 	Stages in the calculation are described below: 
1 	A is expressed in Bq 
(A x 7.4 x 10)/(4. 	x 10) 	= 	a 
2 	a is converted to moles of 1 C 
a/(2.15 x 1012) 	= 	b 
3 	the total number of moles of 14C and IIC is given by 
(b x 100)17.2 	= 	c 
Lf 	equivalent weights of CO2 are given by 
b x 46 	= 	d 	 and 	(c-b) x #+ 	= e 
the total weight of CO-- assimilated is 
de 	= 	f 
5 	this was fixed over an area of 284 mm 2 in 10 mm, .. the weight of CO 
fixed per dm' per hour is given by 
(F x 60 x 10)/(10 x 2814) 	= 	P 	in mg CO2 dnr2 h 1 
Therefore, under the conditions of these experiments; 
P 	(A x 2.85 x 10)/(t x L) 	where t is the feed time in min and L is 
the fed area in mm'. 
2.8 (à.,ztitative meaRxwment of starch in main roots 
Starch was measured in fresh root material by enzymatically hydrolysing it 
and then quantifying the glucose released (Haissig & Dickson, 1979). 
2.8.1 	Enzynatic txj*'olpis of starch 
Root material was processed exactly as described in 92.7.3.1 and 92.7.3.2, 
except that all the supernatants of §2.7.3.1 were discarded, and that the 
pellet, in its tube, was dried at 50-55C for 30 min to evaporate chloroform 
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From the MCW and resuspended in 0.2 cm' 50% ethanol before the addition of 
4 cm distilled water. Section 2.7.3.2 was then Followed and the glucose in 
the the final supernatant assayed. 
2.8.2 	Assqj of liberated glwose 
Intensely yellow anions are obtained if acid hy&'azides, especially aromatic 
ones, are reacted with reducing sugars in alkaline solution (Lever. 1972). 
The acid hydrazide used here was p-hydroxybenzoic acid hydrazide (PAHBAH). 
2.8.2.1 FlrqDairatton of the PAI-BAH rec* 
A 5% (w:v) solution of PAI-OAH was made up in 0.5M HCl. This was diluted 
with 0.5t1 NaOH to give a 0.5% solution of hydrazide in alkali. The acid 
solution of PAHBAH is stable and can be kept for a few weeks, but the 
alkaline solution is only stable throughout a normal working day and was 
prepared fresh for each set of assays. 
2.8.2.2 	The PNB.IH cssqj 
Duplicate 10 il samples of the supernatant (2.8.1) were each mixed with 3.0 
cm' of PAHBAH reagent and heated in a boiling water bath For 5 mm. After 
cooling to room temperature the absorbance at 410 nm was read in a 
spectrophotometer against a reagent blank prepared in the some way as 
samples but with distilled water. The glucose concentration was estimated 
from a standard curve and the amount of starch present calculated From the 
volume of supernatant and the theoretical yield of glucose from starch: 
since 	 (CHioO)r + ,-,I -120 -' C€.H120. 	(Eqn. 2.7) 
1 mole of glucosyl residues (162 g) should yield on complete hydrolysis 
1 mole of glucose (180 g). 
The limit of detection of the assay was 0.25 mg glucose cm; zero readings 
were thus subject to a possible error of +1.13 mg starch. 
2.8.3 	Valithtion of the technique  
An experiment was conducted as above using 1 cm' of enzyme solution and a 
range of incubation times and amounts of starch. It was shown that 1 h 
was sufficient to completely hydrolyse 16 mg of soluble potato starch 
(Sigma Chemical Co. Ltd., Poole, Dorset, UK.), even though an incubation time 
of 1.5 h was routinely used. A second experiment using pieces of 152 d old 
xylopodium material and an incubation time of 1 h, showed that increasing 
the volume of enzyme solution to more than 1 cm did not increase the yield 
of glucose. Xylopodium pieces had a dry weight of about 40 mg and were 
found to have a starch content of 55-57%. Provided that sufficient enzyme 
activity is present, gelatinisation time and tissue sample size have little 
effect on glucose yield (Haissig & Dickson, 1979). However, since at d75, 
xylopodiurn segments for assay could have dry weights of about 100 mg and 
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starch contents up to 40 mg. 2 cm' of enzyme solution were routinely used 
for large pieces of root. 
2.9 	,frwytany 
Fresh plant material was fixed overnight in FM (formalin:70% 
ethanol:glacial acetic acid (1:18:1. v:v:v)), and the next day dehydrated 
through o series of solutions, each being changed for the next after 1.5 h 
(see below): 
Sal tit. ior 	 Vol time (cm: 
methanol 	100% ethanol 	2-methyl 	di still ed water 
propan-2--ol 
1 	 LiO 	 - 	 10 	 50 
2 50 - 20 30 
3 	 50 	 - 	 35 	 15 
	
50 - - 
5 	 - 	 25 	 75 	 - 
Material was then transferred through two changes of 2-methyl propan-2-ol 
leaving one overnight, and the following day to a mixture of equal volumes 
of 2-methyl propan-2-ol:liquid paraffin for 4.5 h. MI these stages were 
done under vacuum. Material was then transferred with a little of the 2 -
methyl propon-2-ol:liquid paraffin solution onto the surface of congealing 
"Paraplast" embedding wax and placed in a controlled temperature water bath 
at 6-65C overnight. The next day material was transferred through two 
changes of fresh wax for 1 h each and then embedded in fresh wax in paper 
moulds, the wax being solidified by plunging the moulds into cold water. 
Sections 12 ,tim thick were cut on a rotary microtome, stained with either 
safranin and fast green or crystal violet and erythrosin B and mounted on 
glass slides under glass coverslips in Canada balsam according to schedules 
in Johansen (190) and O'Brien & McCully (1981). 
2.10 	Stomatal Preqt.icy aid size, and coty/edbn aid Ie& surface 
ch7x,ta'istics aid aiatovwj 
Measurements of stomata[ frequency and size were made from surface 
impressions of the cotyledons and Leaves 1 and 2 of 5 50 d old plants. 
Lamina surface impressions were mode by coating 1-2 cm of the aboxial and 
adaxial sides of the cotyledon or leaf with clear, commercial nail varnish. 
Since stomatal frequency and size can vary with sampling position on a leaf 
(eg. Sena Games & Kozlowski, 1988). impressions of the cotyledon were taken 
from a standard position near the middle of the lamina, and those of the 
leaf from a position halfway between the centre of the midrib and lamina 
edge. Once the varnish had dried (15-20 mm) it was peeled as a sheet 
-55- 
away from the lamina, taking care not to stretch it, and mounted, with the 
surface previously in contact with the leaf uppermost, onto an electron 
microscope stub using double-sided adhesive tape. The impressions were 
then sputter-coated with gold and viewed in an SEM (Cambridge S 90B 
Stereoscan) operated at 5 W. Two areas of each impression were 
photographed and stomata counted in two grids per photograph each 
corresponding to 0.25 mm2 of leaf. The lengths of 5 stomatal pores were 
measured per photograph to an accuracy of ±0.5 mm, equivalent to ±Li. 1m. 
Lamina surface characteristics were examined in small pieces of fresh 
material mounted on EM stubs, sputter-coated with gold and viewed in the 
SEM operated at 7-10 W. In addition to sectioned material, 
internal structure was examined in freeze fractured, ful ly-hdrated 
cotyledons and leaves with the SEM operated at 710kV. I am grateful to Mr 
Cohn McFarlane and Miss Joyce Aitken of the Botany Dept. Electron 
Microscopy Facility for considerable technical assistance during this part 
of the work. 
2.11 	Pcw'nits of transpiration cud led' dlffive resistance 
Transpiration was measured by repeatedly weighing plants (±0.1 g) to 
determine water loss having first sealed their pots in plastic bags. 
Values were corrected for water loss from control pots prepared in the same 
way, but with short pieces of wire instead of plants. Transpiration rate 
(T in mg HO cm-2 h) was calculated from the  equation; 
T = Q/(A x t) 	 (Eqn. 2.8) 
where 0 is the corrected water loss in mg, A is leaf area in cm' measured 
at the end of a days recording, and t the interval between weighings in h. 
Since A can change during the time of measurements, T is more accurately 
determined if leaf area is measured at the beginning and end of each 
interval between weighings (Milligan & Dale. 1988). This was not done here 
since in 50 d old plants Leaf 2 was expanding at only 0.10 cm' h 1 . the 
cotyledons and Leaf 1 being almost fully expanded and Leaf 3 being of a 
neghigable size (Fig. 4.10). This led to a typical error in T of 1.3%. 
Leaf diffusive resistances were measured using an automatic diffusion 
porometer (Crump Scientific Instruments Ltd., UK.). The porometer head was 
positioned on adaxiah and abaxial surfaces halfway between the centre of 
the midrib and the lamina edge (see §2.9). The instrument was calibrated, 
using the calibration plate supplied with it, before and after each set of 
measurements under the same conditions of temperature and humidity as the 
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plants being measured. The size of the pororneter head meant that it could 
not be attached to cotyledons whilst plants were still in their pots, and 
so to measure the diffusive resistance of cotyledons, plants were 
transferred to 1 dm' black-painted Kilner jars filled with nutrient 
solution. This hod a negligible effect on diffusive resistance (4.5.5.1). 
-57- 
3 XYL OPODIUPI FORMATION IN  SEEDLINGS OF K. cor I acea 
3.1 Introduction 
A study of xy$opodium formation should include an examination of the 
characteristic processes of swelling, shoot regeneration, and the 
accumulation of reserve compounds such as starch (see Ch.1). This study 
also characterised xylopodium formation anatomically, and examined its 
relationship with other components of root system growth. Most 
experiments concentrated on the initial events of xylopodium formation 
between dO and d50, with subsequent growth monitored at d75 and dlOO. 
Xylopodia do not only grow radially, and any study designed to examine 
their development must also take into account main root extension. There 
are two ways of doing this. The first is to choose an arbitrary standard 
length of root, say 2 cm, and divide the root into 2 cm lengths from an 
identifiable point at the base of the hypocotyl; thus a root 5 cm long will 
have 3 portions. 2 of the standard length and 1 incomplete, while at a 
later stage when roots have increased in length to say 20 cm, there will be 
10 portions. With this method, segments proximal to the zone of extension 
will be the same at all sampling times. However, a sensible standard 
segment length has to be decided, and for large root systems the number of 
segments harvested can be large thus making experiments unmanageable. 
FLhermore, the distal -most segment may be less than the standard length, 
and depending on the length of the extension zone, comparisons of the 
distal-most segments at one harvest with the apparent equivalent segments 
at a later harvest may be misleading. 
An alternative approach. the one used here, is to divide the root into the 
some number of segments at each harvest, irrespective of root length. This 
approach has the advantage of allowing data from roots of the some age but 
different lengths to be pooled, as well as allowing main roots of different 
S 	I 	 $ 	I 
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Fig. 3..1A diagram illustrating the approach used to emine 
main roots of different ages and lengths 
Since roots extend from their tips. at time t2, segment S2. for 
example, contains none of the root which was 52 at t, but that 
part which was S3 and S. 
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ages and so of considerably different lengths to be compared. Here the 
main root; was divided into 14 segments of equal length. labelled from the 
proximal end, segment 1 (51) to Li (SLi). However, because roots extend only 
from their tips, a disadvantage of this approach is that any segment 
obtained after the initial harvest will include parts of more than one 
segment as defined at the previous harvest (Fig. 3.1). In the extreme case 
shown, segment 52 at t2 will contain none of 52 at ti, but most of what 
were 53 and SLi. Successive equivalent segments will therefore contain 
cells of different ages and stages of differentiation. (This will also be 
true to some extent of segments of a standard length, depending on what 
that length is and on the rate of root extension). It would be 
inappropriate therefore to compare directly, say, the dry weight or volume 
of particular segments. However, if the time course of root extension is 
known, it is possible to calculate the age of the cells at either end of the 
segment, and so determine the average minimum and maximum ages of cells in 
each segment in different aged roots (2.5.3.1). This allows an examination 
of changes in segment parameters with time. 
3.2 XyI opodi urn formation: changes in morphology 
The characteristic process of swelling was examined first. Changes in 
morphology were followed by measuring the diameter of main roots first at 
the junction with the hypocotyl and then at points every 	of the way along 
the length. However, as roots extended, from about 70 mm at d20 to 360 mm 
at dlOO (Fig. 3.9), it became obvious that it would be more informative to 
measure the diameter every of the way along the length, and this was done 
from d30 onwards. The diameter of the root relative to that at its 
junction with the hypocotyt was plotted against fractional distance along 
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Fig.. 3..2flain root diameter relative to that at the Junction 
of the root and hypocotyl (018) plotted against 
Fractional distance along the root for ce-grown 
seed! I ngs of var i ous ages 
Q,d20; •,d30; &dO: A,d50; Dd75; •,d100. 
8/8 represents the root tip, nominally taken to be a point. 
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Initially the root was widest at its junction with the hypocotyl, that is, 
at its proximal end, and tapered gradually towards the tip. By d30, despite 
an increase in the diameter of the root at the proximal end (Table 3.1) the 
shape of the root was little different from that at d20, the apparent 
difference in 51 resulting from the fewer number of measurements made at 
d20 (see above). By  d1+0 the shape of the root had changed, and 
longitudinal cracks in the dark brown surface of its proximal part, 
resulting in lighter brown streaks, had appeared. The root was now widest 
at a point distal to the proximal end, 	of the way along its length, 
although the rest of the root differed little from d30. By d50, the root 
had increased in girth along much of its length and the widest point was 
now 34 of the way along the length. Between d50 and d75, the root 
thickened further, but its shape remained essentially unaltered. However, 
by diQO further considerable thickening along most of the root resulted in 
a further distal movement of the position of maximum diameter to a point 
of the way along the length, after which the root tapered smoothly to the 
tip. 
Thickening of the root could thus be separated into that which did not 
result in a change in its shape and that which did. Swelling, defined as 
radial growth which thus caused a change in root shape, began between d30 
and d1+0, initially in the proximal part of the root, and was considered to 
be associated with xylopodium formation. The xylopodium was therefore 
initially defined as that part of the main root with a diameter greater 
than at the junction of the root with the hypocotyl. As the main root aged, 
swelling progressed distally along its length, so that the xylopodium 
comprised an increasing proportion of its length. The rate of distal 
progression of swelling in terms of proportion of root length swollen was 
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Fig.. 3.3TIme course or the distal progression or swelling 
in ce-grown seed! i ngs 
progression of xylopodiurn formation did not appear to be restricted by the 
presence of the pots, and continued in older plants to include most of the 
root coiled around the bottom of the pot. 
3.2.1 A quantitative measure of' radial growth 
0 
Having characterised xyloium formation in terms of morphology, a 
quantitative basis for measuring radial growth was now required. The 
approach used was to divide the estimated volume of each segment (2.5.3.1) 
by its length to give an estimate of mean cross sectional area per segment 
(As', [mrn2'J/Emm] = [mm23).' As' could then be compared with the cross 
sectional area of the root at its junction with the hypocotyl (A, [mm 23), 
thus providing an index by which xylopodium formation could be followed 
both spatially and temporally (Table 3.1), and which allowed radial growth 
to be correlated with other aspects of main root growth. 
Values for As' were higher in the more proximal segments of the root and 
were generally higher for corresponding segments of a greater age. 
Thickening between d20 and dL+O resulted in small increases in As' for each 
segment of about the some relative magnitude. There were similar small 
increases in As' for 53 until d75 and throughout the experiment for S. At 
dkO, although the position of maxim urn diameter of the root was distal to 
the proximal end (Fig. 3.2). As' for Si was less than A, since the value is 
an average for the whole segment, and Si was therefore considered as 
transitional between main root and xylopodium. Between d40 and d50 there 
was a large increase in the value of As' for Si and For 52, and for Si this 
resulted in a value greater than A, so that it was now considered as 
xylopodium. 52 was considered to be transitional, As' being approximately 
equal to A. At d75. A was less than at d50 giving the impression of only 
limited radial growth (Table 3.1), although by this time the xylopodium had 
TABLE 3. 1 The cross sectional area of the main root at 
its junction with the hypocotyl (A). and 
estimates of the mean cross sectional area of 
main root segments Si to 54 (A5) for 









20 3.22 2.47 1.28 0.65 0.17 
455 0.499 0.207 0.114 0.021 0008 
30 4;56 3.80 2.29 0.89 0.46 
455 0.353 0.138 0,191 0.040 0.031 
40 4.28 4.20 2.20 0.92 0.43 
*SE 0.777 0.742 0.445 0.101 0.039 
50 6.63 7.65 6.31 1.87 0.53 
*55 1,120 0.475 0.493 0,178 0.019 
75 5.1+2 7.85 7.50 2.94 0.80 
*55 0.552 0,997 1.361 0,708 0.151 
100 7.87 24.50 30.04 11.13 1.06 
*58 0.519 1,085 1.918 1.339 0,206 
means ±se. (n=5, except at dlOO, n=10) 
Segment Classification: 
As < A = Main Root. 
As' a A = Transi ti onal. 
As' > A = Xylopodium. 
(See §3.2 for further details.) 
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extended to include 52 (Fig. 3.2). By diOO there had been considerable 
increases in As' for segments Si. 52 and 53, such that for each segment As' 
was greater than A. The xylopodium therefore had extended now to include 
the proximal 	of the root. As' for 52 was greater than that for Si due to 
the restriction to swelling in Si caused by the slower increase in girth of 
the hypocotyl. 
3.3 XyI opodi urn Formation: changes in dry mass 
To examine changes in the dry mass of the main root associated with 
xylopodium formation, an index (Ms') was calculated using on analogous 
procedure to that used for As' (see §3.2), that is, the dry mass of each 
segment was divided by its length. Radial growth and changes in dry 
weight could therefore be compared. Values of Mg', in mg mm- , are shown 
in Table 3.2. 
As with As', values of Ms' were higher in more proximal segments and higher 
for corresponding segments of a greater age. Initially, values of Ms' for 
all segments were low (between 0.06 and 0.15 mg mm) and increased only 
slightly between d20 and d30. Between d30 and d0, in parallel with the 
start of swelling in Si, Ms' for Si almost doubled in value, from 0.17 to 
0.33 mg mm-- ', indicating that, as might be expected, localised increases in 
dry mass were associated with the start of xylopodium formation. Increases 
in Ms' for the other segments during this period were small. From d40 
onwards, the growth of the xylopodium and its distal progression, 
especially between d75 and dlOO, were associated with considerable 
increases in both Ms' and As' for segments Si to 53. By dlOO. Ms' for Si 
and 52 had increased to about 6 mg mm' and for 53 to over 2 mg mm -1 . 
For segment S+, Ms', in common with As', increased only gradually with time 
throughout the experiment. The dry moss content of root segments, 
TABLE 3.2 	Ratio of segment dry mass to length (P15') for 
main root segments Si to 54 For different 
aged ce-grown seed! i ngs 
PLANT AGE 
/days 51 
MS' 	/ mg mm 
52 53 54 
20 0.15 0.07 0.06 0.06 
0.CD Is 0.010 0.00E 0.0CP. 
30 0.17 0.08 0.07 	. 0.07 
*SE 0.014 0.010 0.011 
0.009 
40 0.33 0.13 0.10 0.07 
SE 0.049 0.01 0.017 
0.007 
50 0.62 0.22 0.10 0.07 
*SE 0.110 O.0S 0.014' 
0.007 
75 1.20 1.06 
45E 
 0.32 0.08
0.29 0.269 0,119 0.O2. 
100 6.03 6.10 2.21 0.11 
666 0.696 0.649 0.749 
0.023 
means ±se. (n5, except at dlOO, n10) 
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expressed as Ms', could therefore also be used to characterise xylopodium 
formation, and appeared to correlate closely with As'. 
3.4 The relationship between radial growth and the 
accumulation of' dry mass 
How individual segments of the main root and xylopodium grew in terms of 
size and dry mass was not immediately clear from the data, as direct 
comparisons of specific root segments from different harvests were 
inappropriate (cf. 93.1). However, it was possible to estimate changes in 
As' and Ms' with time, by plotting them against the maximum and minimum 
ages of each root segment (Table 3.3; Fig. 3.4). These graphs show a 
generalised pattern of growth for any segment of the root; the precise 
pattern for a given segment will depend on factors affecting its growth, 
for example, the growth of the hypocotyl limited the radial growth of the 
proximal-most part of the main root once the xylopodium had started to 
form. 
Initially, As' increased slowly until around d30/d40 when as expected the 
rate of radial growth appeared to increase (Fig. 3.4a). Changes in Ms' 
followed a similar pattern, with an increase in the rote of accumulation of 
dry mass at the. same time (Fig. 3.4b). This indicated that the growth of a 
segment of root could possibly be divided into two phases, the change from 
Phase 1 to Phase 2 occurring when the segment was between 30 and 40 d old, 
which for 51 coincided with the morphological changes associated with 
xylopodium formation (cf. §3.2) 
With As' less than A as the criterion for the definition of a root segment 
as xylopodiurn, the value of As' required for a segment to be designated as 
xylopodium increased in older roots as the hypocotyl grew and A increased. 
TABLE 3.3 	The maximum and minimum ages of cells in main 








AGES / days 
54 
10 10 	- 6 6 - 3 3 - 0.5 0.5-0 
20 20 - 	 8 8 -  4 4 - 	 2 2 -0 
30 30 - 	 11+ 14 - 10 10 - 	 3 3 - 0 
40 40 - 23 23 - 19 19 - 10 10 - 0 
50 50 - 32 32 - 23 23 - 11 11 - 0 
75 75 - 56 56 - 39 39 - 22 22 - 0 
100 100-78 78-59 59-36 36 -0 
For details of how maximum and minimum ages were calculated, see §2.5.3.1. 
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Fig. 3.4 Values of AS (a) and p15' CO plotted against 
calculated maximum and minimum ages of cells in 
root segments Si to 53 For ce-grown seedlings. 
illustrating trends in radial growth and dry 
matter accumulation associated with main root 
growth and xyl opodi urn formation 
0------0, SI  
 o, S2 
Values For S4 are not plotted to avoid confusing the graphs. 
30 	 -. 
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However, the apparent transition in the growth of a root segment from Phase 
1 to Phase 2 suggested that the start of xylopodium formation was 
associated with threshold values of As' and Ms'. 
To investigate further the relationship between radial growth, dry mass 
accumulation and xylopodium formation, Ms' was plotted against As' (Fig. 
3.5). Two straight lines could be Fitted through the data corresponding to 
growth during Phases 1 and 2. Therefore, although rates of radial growth 
and dry mass accumulation varied with postion along the root, and between 
Phases 1 and 2, the two Orocesses occurred in constant ratio and appeared 
to be closely controlled -relative to each other. In general, the 
relationship between Ms' and As' could be stated as, 
Ms' = p As' + q 
	 (Eqn. 3.1) 
where p and q  are constants. p is the increase in Ms' per unit increase in 
As' and has units of [mg mmJ/[mmJ = [mg mm-'3.  It represents the 
increase in dry mass per unit increase in volume of fresh root segment. 
The two phases of growth could be described as follows: 
Phase 1 	Ms' = 0.040 As' + 0.052 	 (Eqn. 3.2) and 
Phase 2 	Ms' = 0.250 As' - 0.827 	 (Eqn. 3.3). 
With the onset of swelling, the rate of increase in dry mass with respect 
to volume of fresh root segment increased 6-fold from 0.04 mg mm to 
0.25 mg mm. The intercept of the two lines gave threshold values of As' 
and Ms' for the start of xylopodium formation in a root segment as 
4.18 mm-- and 0.22 mg mm- ' respectively. 
3.5 Xglopodium Formation: the accumulation of starch 
Observations of hand-cut sections of fresh material flooded with potassium 
iodide solution, indicated the presence of starch grains in both the cortex 
and the stele of the xylopodium, suggesting that in Kie/meyera coriacea a 
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Fig. 3.5 Values of M5 plotted against A5 showing the 
relationship between dry matter accumulation and 
radial growth for root segments during main root 
growth and xylopodium formation 
The area in a) bounded by dashed lines is expanded in b) so 
that data from S4 can be shown. 
o, values from Si; •, values from 52; a, values from S3; 
A, values from S 
Phase 1: y = O.00x + 0.052 (r0.7657; 16dF.) 







major storage product is starch. The aim of this experiment was to 
determine whether the accumulation of starch was specifically associated 
with xylopodium formation, and to determine the relative contribution made 
by starch to the large increases in dry mass of main roots occurring 
during xylopodium formation. It was also of interest to measure the starch 
content of main roots, as this could be a factor in the ability of xylopodia 
to regenerate shoots (3.6) 
To do this, the amount of starch in each root segment (Si -S) of ce-grown 
plants of different ages was measured. The lengths of main :roots  used in 
this experiment are shownas "Experiment 3" in Fig. 3.9. A plot of M.' 
against A' (not shown) for these roots gave threshold values of 3.86 mm 
and 0.30 mg mm -- ' for A' and M' respectively, which agreed closely with 
the values obtained in the previous experiment (cf. 93.4). 
At d25, starch was detected in + of 5 main roots before any indications of 
the start of xylopodium formation (Table 3.). Most of the starch was 
present in the proximal-most segment, Si, being present in only 2 of 5 52 
segments and in no S3 segments. Initially, the amount of starch in the 
main root increased slowly, but between d5 and d75 rose 10-fold to nearly 
60 mg per main root (Fig. 3.6). The starch content of main roots increased 
linearly with time from 0.02 mg starch mg dry mass at d25 to 0.21 mg 
mg-1  at d75 (Fig. 3.6), indicating an increasing investment of imported 
carbon into starch with time. As roots aged, starch was detected in more 
distal segments, but only trace amounts were Found in SL+. and then in only 
3 of 5 segments at d75 (Table 3.). Starch accumulation therefore 
preceeded swelling distally along the root, and so appeared not to be 
exclusively associated with xylopodium formation. 
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TABLE 3. 4 	The number of main root segments (51 to 54) in 
which starch was detected in ce-grown plants at 
different ages (n5 segments at each harvest) 
PLANT AGE 	 MAIN ROOT SEGMENT: 
/ days Si 	 S2 	 S3 
15 0 0 0 0 
25 4 2 0 0 
35 5 3 2 0 
45 5 5 4 2 
75 5 5 5 3 
Starch was detected using the amyloglucosidase assay (2.8) except at d15 
when by potassium iodide solution. 
* 	trace amounts of starch detected. 
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Fig. 3.6 a) Changes wi th age in starch (0) and dry 
matter 
(•) per main root 
b) Changes with age in the starch content of 
main roots 
Values are means (n5) and the bars standard errors 
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3.5.1 The relationship between radial growth and the 
accumulation of starch and structural material 
The relationship between starch accumulation and xylopodium formation in 
any particular region of the root was not clear. This was determined using 
procedures analogous to those in 93.4. The dry mass of a root segment was 
considered to be the sum of its starch and its non-starch or structural dry 
mass. Since total dry moss per segment can be expressed as MS' (3.3), it 
follows that 
MS' = 55' + VS' 	 (Eqn. 3,4), 
where 55' and VS' (in mg nm-1) are the amounts of starch and structural 
material per segment respectively divided by segment length. 
A plot of 55' against MS' indicated that over the period of these 
measurements there were two phases of accumulation during which a constant 
proportion of the increase in dry mass of a root segment was in starch 
(Fig. 3.7a). Threshold values of 55' and MS' for the transition between 
phases were 0.03 mg mm-1 and 0.34 mg mm-1 respectively. This suggested 
that the transition coincided with the increase in dry mass accumulation 
associated with the onset of swelling and xylopodium formation, and that 
the phases corresponded to Phase 1 to Phase 2 (cf. §3.4). This was 
confirmed by plotting SS' against AS' which gave threshold values of 55' 
and AS' for the transition between phases of 0.03 mg mm' and 4.09 mm' 
respectively (Fig. 3.7b). 
During Phase 1, of every 1 mg increase in total dry mass, 0.08 mg was in 
starch and 0.92 mg in structural material, but during Phase 2 - xylopodium 
formation - the relative contribution made by starch increased to 0.25 mg 
mg- 
1. That the proportion of the net increase in dry mass of a root 
segment accumulated as starch remained constant in this way suggests that 
the processes of starch accumulation and cell wall synthesis are closely 
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Fig. 3.7 a) Values of 55' plotted against ITS' showing the 
relationship between starch accumulation and dry 
matter accumulation during main root growth and 
xyl opodi urn format ion 
b) Values of 55' plotted against AS' showing the 
relationship between starch accumulation and 
radial growth during main root growth and 
xyl opodi urn formation 
o, values from Si; •. values From 52; ,, values from 53 
(54 contained only traces of starch) 
For a) 
Phase  y = 0.084x - 0.004 (r0.8131; 6df.) 
Phase  y = 0.247X - 0.058 (r0.9983; ldf.) 
For b) 
Phase  y = 0.009x - 0.009 (r0.9485; 6df.) 
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controlled relative to each other, as was shown above for radial growth and 
dry mass accumulation. 
3..6 Xylopodium Formation: the ability to regenerate shoots 
Since the most important function of xylopodia in the Cerrado is to 
regenerate new shoots, it could be argued that the main root should not be 
called a xylopodium until it has acquired this ability. Regeneration was 
therefore the next characteristic of xylopodia to be examined. 
3.6.1 The ability of main roots of different ages to 
regenerate shoots 
The aim of this experiment was to determine when main roots acquire the 
ability to regenerate shoots. Plants aged between 20 and 200 d were 
decapitated just below the cotyledonary node, and then examined at weekly 
intervals for evidence of shoot regeneration (2.6). 
Regeneration was seen only in plants 50 d old or more when decapitated 
(Table 3.5). Regenerated shoots arose from the main root either at or from 
just below the soil surface, but never from the hypocotyl. In plants 
decapitated before d50, the hypocotyl stump became brown and shrivelled, 
and died after a few weeks. Therefore, the ability of the xylopodium to 
regenerate shoots was acquired between d40 and dSO, very soon after the 
earliest morphological changes in the main root associated with xylopodium 
formation (3.2). 
Regeneration was never seen in less than 34 weeks after treatment, 
whatever the age of plants when decapitated. This is, therefore, the 
minimum time required for the formation and emergence of new shoots. Of 
plants decapitated on d50, 30% had regenerated shoots after 3 weeks, 
although none of these rapidly initiated shoots subsequently survived. Of 
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20,30.40 PLANTS DID NOT REGENERATE 
50 30 3 0 
75 70 10 86 
100 100 6 100 
200 80 6 100 
age/segment 
100/Si 100 5 100 
100/S2 75 6 100 
100/S3,S4 ROOT SEGMENTS DID NOT REGENERATE 
* Age of plants at : a. Decapitation directly below the cotyledonary 
node. 
b. Cutting of main root/xylopodium into segments and 
replanting. 
Time to maximum regeneration from : a. Decapitation. 
b. Replanting. 
For a. n=iO, F or b. n. 
TABLE 3.7 	Mean number of buds emergent above the soil at 
weekly intervals after 
regenerating segments 
treatment For 
51 and 52 
ROOT WEEKS AFTER REPLANTING SEGMENTS 
SEGMENT 
4 	5 	6 7 8 	9 10 
Si 1.7 	1.5 	1.8 1.8 2.0 	2.0 2.0 
a. 3 4 If If 4 	If If 
S2 2.0 	2.0 	1.3 1.3 1.7 2.3 2.3 
a. 1 1 3 3 3 	3 3 
a.: number of segments regenerating from a total of four. 
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plants decapitated after d50, between 70 and 100% regenerated shoots. Some 
plants decapitated on d75 took 10 weeks to regenerate, but for plants 
decapitated after this, maximum regeneration was achieved in only 6 weeks 
(Table 3.5). All of the regenerated plants decapitated on dlOO and d200 
were viable, but of those decapitated on d75 only 86% survived (Table 3.5). 
3.6.2 The ability of root segments to regenerate shoots 
In the previous experiment, regenerated shoots always arose from the 
proximal-most part of the xylopodium, even though at dlOO it7 comprised the 
proximal 	of the main root (3.2). The next experiment was to determine 
whether the ability to regenerate shoots was confined to the proximal part 
of the xylopodium. Plants 100 d old were used, as the previous experiment 
had shown that all plants of this age were able to regenerate viable 
shoots. Before each root segment was replanted, the diameter at its 
midpoint and at each end was measured so that values of AS' could be 
calculated (Table 3.6). The main roots of plants used in this experiment 
were half the length of typical 100 d old plants and values of AS' ranged 
between typical d75 and dlOO values. 
Regeneration was only observed from segments Si and 52 (Table 3.6). All Si 
segments regenerated shoots, but only 3 of the # of 52 segments. As in the 
previous experiment, regeneration was not seen until 1 weeks after 
treatment, regeneration in some segments taking 5 to 6 weeks. Therefore, 
the injury caused to the xylopodium by cutting it into segments neither 
stimulated nor inhibited its regenerative ability. Si segments regenerated 
shoots more quickly than 52 segments (Table 3.7), and all regenerated 
segments were viable, although not all of the 1 to 3 shoots regenerated per 
segment survived. The regenerated shoots arose from just below the soil 
surface or from the exposed 5 mm portion of each segment. In one segment, 
ORM 
TABLE 3.6 	Values of AS For regenerating and non- 
regenerating main root segments. Si to 54. From 
100 d old ce-grown seedlings 
A5 / mm' 
Data from plants (n=3) from Data from plant (n1) from 
ROOT SEGMENT 	which Si and 52 regenerated which only Si regenerated 














............. 	........................... 	........................... 
S4 	x 	 1.50 / 3.01 / 0.75 
x 1.75 	 1.05 
Individual values of AS for different plants are given in the some order 
for each segment. Data for the plant from which only Si regenerated are 
given in a separate column. Only segments above the solid I I nes 
regenerated shoots following treatment. 
Root segment length = 52.5 (±2.5) mm. 
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a shoot formed on the exposed cut surface, at a position along the radius 
which could have been at the cambium. The origin of buds was not examined 
anatomically and this is the only piece of evidence relating to this aspect 
of regeneration. 
Two factors appeared to affect the ability of root segments to regenerate 
shoots. The 52 segment which did not regenerate had a lower value of AS' 
than the Si and S2 segments which did. Also, two of the S3 segments which 
did not regenerate had values of AS' greater than those of some 
regenerating segments (Table 3.6). Since the roots used in this experiment 
were of the same length, differences in segment size (volume) were due only 
to differences in AS', that is radial growth. Segments are also likely to 
have had similar minimum and maximum segment ages, but these could not be 
calculated because roots were shorter than in typical diOO plants. The 
ability of individual root segments to regenerate shoots appeared therefore 
to depend on the position from which the segment was taken and on the 
segment being greater than some threshold size. The positional effect may 
have been related to a threshold segment age. 
The threshold value for regeneration of AS' appeared to be about 6 mm', 
since this was the lowest value observed for a regenerating segment (Table 
3.6). At d50, the earliest that regeneration was observed in intact root 
systems, values of AS' for Si and 52 were 7.65 ±1.22 (95%cI, n5) mm2 and 
6.31 ±1.27 (95%cl, n5) mm' respectively (Table 3.1). These values only 
just exceed the proposed threshold value. Although minimum and maximum 
segment ages could not be calculated here (see above), the threshold value 
for regeneration in intact seedlings was equal to or greater than 50 d. 
Perhaps the few plants able to regenerate at d50 were amongst the earliest 
to germinate after do. The minimum and maximum segment ages calculated 
for 53 For a typical 100 d old plant; were 36 and 59 d (Table 3.3), 
indicating that this segment, or that not enough of it, had exceeded the 
threshold age for regeneration. Minimum and maximum segment ages 
calculated for 52 were 59 and 78 d. 	These figures suggest that the 
threshold age for regeneration is between 50 and 60 d. 
3.7 Xylopodium Formation: anatomical basis 
In the preceeding sections, xylopodium formation has been characterised in 
terms of morphology, changes in dry mass (including starch content) and 
function. It was clear that the xylopodium forms over a prolonged period 
of time, with full functional capability taking at least 30 to 1+0 d to 
develop after the start of formation. The aim of the next section of the 
work was to examine the anatomical basis of these processes, and to 
describe the structure of the mature xylopodium so that this could be 
compared with published criteria for distinguishing xylopodia from fleshy 
tap roots. 
3.7.1 Primary root structure 
The primary structure of the root was that of a typical dicotyledon (Esau. 
1965). The pentarch to heptarch stele was surrounded by a pericycle and an 
endodermis, although these were not always clearly visible. The cortex was 
composed of parenchyma cells which did not contain starch grains. These 
cells were separated by small air spaces. A one or two cell thick 
epidermis bounded the cortex (Fig. 3.8A). 
3. 7. 2 Secondary root structure 
By d20, arcs of the cambial ring had started to form between primary xylem 
and phloem, and formation of the vascular cambium was complete by d30, 
before the onset of swelling (Fig. 3.8A,B). The cambium cut off xylem 
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Fig. 3.8 Diagrams of cross sections of main roots and 
xyl opodi a taken from the ml d—poi nt of 51 from 
ce—grown seed! i ngs of various ages 
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XV Xylem vessel 
Xy Primary and secondary xylem 
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vessels and parenchyma to the inside, and small phloem groups and large 
amounts of parenchyma to the outside. Small starch grains were first 
observed in secondary phloem parenchyma cells at d30 (Fig. 3.88). Also at 
d30, anticlinal divisions were apparent in the pericycle, indicating that it 
would become the phellogen, but the first periclinal division which would 
distinguish it as active phellogen had not yet occurred (Esau. 1965) (Fig. 
3.86). At this stage the primary cortex was beginning to disintegrate and 
had become compressed. although the epidermis remained intact. By dL+O the 
phellogen had formed and was dividing periclinally, and the root had 
attained its complete secondary structure (Fig. 3.8C). Sloughing off of the 
epidermis and primary cortex accounted for the streaked appearance of the 
xylopodium (Fig. 3.8C). 
Swelling, which had previously been used to define the start of xylopodium 
formation, did not begin until this time, but whilst this remained a useful 
criterion, it was clear that formation of the xylopodium was associated 
with and dependent on the differentiation of secondary root structure which 
had begun by d20. Furthermore, this examination showed that starch 
accumulated only in cells of the secondary root structure, and so in that 
sense was associated exclusively with xylopodium formation but not swelling 
(cf. 93.5). Cell divisions between the primary xylem and phloem and the 
appearan.ce of starch granules can therefore be considered as the earliest 
cryptic features of xylopodium formation. 
As the root aged. divisions were observed in some of the outer secondary 
phloem parenchyma cells, and appeared to contribute to the radial growth of 
the xylopodium. Phloem groups were dispersed throughout the secondary 
phloem parenchyma and were often associated with latex canals which exuded 
a sticky, milky latex when the root (and the shoot) was cut (Fig. 3.86,C). 
In older roots, starch grains were also found in xylem parenchyma and in 
WE 
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what appeared to be older xylem vessels (Fig. 3.8D). The quantity of xylem 
parenchyma relative to xylem vessels also increased, and in mature roots 
(>3 months), some of the xylem parenchyma cells towards the centre of the 
root became cellulosically thickened. Such thickening was not observed in 
the secondary phloem, which remained "soft" as opposed to the central core 
of xylem which became "woody". Radial rays traversed the vascular cambium, 
and were composed of ray parenchyma cells which appeared different to 
secondary phloem parenchyma cells in that their contents coagulated during 
fixation and.were heavily stained (Fig. 3.88,0). Similar to-secondary 
phloem parenchyma cells, they also contained starch grains. 
3.8 XyI opodi urn Formation and growth of the root system 
In the next part of this chapter, formation of the X'ylopodiUm is examined 
in relation to the growth of the whole root system: in particular, extension 
of the main root, lateral root growth and the accumulation and distribution 
of dry mass by and within the root system. 
3..81 Extension growth of the main root 
Xylopodium initiation and early growth occurred at a time when it might be 
expected that the main root would be extending rapidly in the establishment 
of the root system. Since xylopodium formation involves considerable 
growth at the opposite end of the root to extension growth, some 
competition between the two processes might be expected. Therefore, 
0 
changes in root length with time were f'otied. 
From d20 to d50, the extension rate of the main root appeared to be 
constant at 4 • 7 mm d 	(r = 0.957. p < 0.001, 10 d.f) (Fig. 3.9). In 
Experiment 3, this linear phase of growth continued to d75, although the 
general pattern appeared to be a gradual decrease in extension rate between 
Fig. 3. 9 Time-course of main root extension in ce-grown 
seedl i ngs 
o. Experiment 1; •, Experiment 2; A , Experiment 3 
Values are means (n5) and the bars are standard errors. 
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d50 and dlOO. The rapidly extending roots reached the bottom of the pots 
used between d25 and d30 when about 120 mm long, but this did not appear 
to impede extension. The roots continued to grow for a further 35 to 
40 mm before reaching the side of the pot sometime between d35 and d40 
when about 160 mm long. It was unfortunate that this should occur at this 
time, because there is a suggestion from the data of a transient slowing of 
extension between d30 and d40 (Fig. 3.9), coinciding with the onset of 
swelling, which might suggest a brief period of competition between 
xylopodium formation and main root extension. However, this interpretation 
of the data requires confirmation and to be distinguished from the 
possibility that obstruction by the side of the pot was the cause. The 
roots continued to grow around the circumference of the bottom of the pots 
and completed about 1 circuit by d100 when 370 mm long. By this time the 
absolute extension rote had decreased to between 1 and 2 mm d 1 . The 
slowing of extension after d50 can be explained both in terms of increasing 
competition from the developing xylopodiurn and in terms of increasing 
restriction by the presence of the pots, compounded by lateral roots 
emerging during the later stages of growth being constrained to grow 
parallel to the main root and compressed against it. 
3.8.2 Growth of' the lateral roots 
As well as extension of the main root, the establishment of the root system 
during the growth of young plants involves the production of lateral roots. 
Lateral root growth and xylopodium formation might also be expected to be 
competing processes. Development of the lateral root system involves the 
initiation and emergence of lateral roots, and subsequent lateral root 
extension. Competition from the developing xylopodium could affect either 
or both of these processes. Changes with age in the number and length of 
first order lateral roots were measured in Experiment 1. First order (1) 
lateral roots were first visible between d1O-d15 while second order (2) 
lateral roots emerged between d25-d30, although no separate measurements 
were made of these. 
3. 8.. 2. 1 Fl rst order / at era! root emergence 
Changes with time in the number of 1 lateral roots per root system are 
shown in Fig. 3.10a. The variation in the data was considerable and tended 
to increase with successive samples making interpretation difficult. 
Between d20. and d50, the rate of 10  lateral root emergence appeared to be 
constant at 1.3 d 1  (r0.960. p0.001, 5 d.f). This line, when extrapolated, 
crossed the x-axis at 11.3 d, which is consistent with the period during 
which the first lateral roots emerged (see above). However, there was a 
suggestion in the data of a decrease in the rate of emergence between d30 
and th5, which would indicate competition from the developing xylopodium 
during the initial period of formation. Changes in the number of 1 lateral 
roots per root system over this period were found to be not significant 
(p0.05) when examined by analysis of variance (see Fig. 3.10a), whereas in 
contrast, changes in number over the two adjacent harvest intervals were 
significant. However, the effect, if present, was transient and incomplete; 
some lateral roots were produced between d30 and d45. 
The data of Fig. 3.10a were further analysed in terms of the relationship 
between the number of 1 lateral roots per root system and the length of 
the main root. Between d20 and d50, the two were significantly correlated 
(p < 0.01), with on average 2.3 1 lateral roots borne per cm of main root 
(Fig. 3.11). (This mean is somewhat misleading in that no lateral roots are 
borne on the distal-most portion of the main root, and so the average 
density of lateral roots where they occur will be higher.) This suggests a 
constant relationship between the emergence of 1 lateral roots and 
Fig. 3. 10 Changes with age in the number (a) and total 
length (b) of primary lateral roots per main 
root 
Values are means (n5) and the bars are standard errors. 
For a) LSO (p 0 . 05, 28df.) = 9.96 
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Fig- 3. liRe! cit I onshi p between the number of primary lateral  
roots and main root length for ce-grown seedlings 
between d20 and d50 
Points are values for individual plants 
The equation of the fitted regression line is: 
y = 0.230x - 2.291 	(r0.8522: 33df.) 
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extension of the main root. Therefore, a constant rate of 1 lateral root 
emergence between d20 and d50 would be expected if extension of the main 
root over this period was linear, whereas if extension slowed between d30 
and d40, a decrease in the rate of emergence during this period would 
result (see Fig. 3.9 & 3.8.1). Both of these alternatives are supported by 
the data and resolution of this point requires further examination of main 
root extension and F lateral root emergence. 
3..8.22 First order lateral root extension 
Changes with time in the total length of F lateral roots per..root system 
are shown in Fig. 3.10b. There is considerable variation in these data 
also. Increasing numbers of F lateral roots would tend to produce an 
exponential increase in total length, assuming that roots extended at 
similar rates. P straight line fitted to the log plot of the data of Fig. 
3.10b (not shown) gives a correlation coefficient of 0.968 (p < 0.001, 5 
d.f) supporting this interpretation. However, some slowing of F lateral 
root extension is apparent between d30 and d40. When examined by an 
analysis of variance the increases in total F lateral root length over this 
period were not significant (p=0.05). but in contrast were significant over 
the adjacent harvest intervals. This could have been due to either a 
decrease in the' rate of F lateral root emergence or a decrease in the rate 
of extension of emerged lateral roots, or to a combination of both. 
The slowing of F lateral root extension, in common with the effect on main 
root extension (3.8.1) and hence F lateral root emergence (3.8.2.1), was 
also transient and did not result in a complete suppression of growth 
(Fig. lOb).. 	In addition, the timing of the effect on extension, between d30 
and dkO, coincided with these other effects. 	However, in contrast to the 
effect on emergence, the slowing of extension may have been independent of 
Mgm 
main root extension, and is evidence of competition from the developing 
xylopodium. 
3.8.3 The accumulation and distribution of' dry mass by and 
within the root system 
During early seedling growth, root system dry moss increased from close to 
zero at dO to about 0.10 g at d50 (Fig. 3.12). To detect relative changes 
in main and lateral root growth over the period of early xylopodiurn 
formation, which might be indicative of competition for assimiiates, the 
proportion of root system dry mass in each component at each harvest was 
calculated (Fig. 3.13). After d20 the lateral roots made a significant 
contribution to root system dry mass, reaching about 50% over the period 
d30_d45. The initial stages of xylopodium formation occurred therefore 
when the proportion of the net increase in root system dry mass 
partitioned to the main root was lowest (Table 3.8). 
By dlOO, root system dry mass had increased to 1.14 g (Fig. 3.12). Most of 
this increase occurred between d75 and d100, and was due to a considerable 
increase in dry moss of the main root (Fig. 3.12). Over this period, 
lateral root dry mass increased from 0.08 g to 0.12 g (ie. 1.5 -fold), 
whereas that of Ehe main root increased from 0.18 g to 1.02 g (5.7-fold); 
consequently, by dlOO almost 90% of root system dry mass was found in the 
main root (Fig. 3.13). The main root always accounted for the largest 
proportion of root system dry moss (Fig. 3.13), and at all times 
accumulated more than 57% of the net increase in dry mass of the root 
system, and between d75 and dlOO, 95% (Table 3.8). These figures emphasise 
the considerable allotment of dry mass within the root system to the 
xylopodium and the dominance of its growth over that of other root system 
components. 
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Fig. 3.12 Changes with age in the dry weight of main (a) 
and lateral  (b) roots in ce—grown seed! i ngs 
For a): o. Experiment 1; o. Experiment 2; 	a, Experiment 3 
Values are means (n5) and the bars are standard errors. 
The area bounded by the dashed lines is shown enlarged in 
the inset 
For b): •, Experiment 1; •, Experiment 2. 
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Fig. 3. 13 Changes with age in the proportion of root 
system dry mass in the main and lateral  roots in 
ce-grown seedl i ngs 
The solid lines are fo Experiment 1 and the dashed lines 
for Experiment 2. In each case, the portion above the line 
represents the lateral roots and that below the line the 
main root/xyl opodi urn. Values are means (n5) and the bars 
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Table 3.8 The proportion of' the net increase in root 
system dry mass in the main and lateral roots 
Harvest interval 	 Proportion of net increase in 
root system dry weight in: 
Main root 	Lateral roots 
o - 20 0.750 0.250 
20 - 	 30 0.571 0.429 
30 - 	 0 0.700 0.300 
LQ - 	 50 0.704 0.296 
50 - 	 75 0.707 0.293 
75 - 100 0.99 0.051 
Values were calculated from the average weights of main and lateral 
roots in Experiments 1 and 2 in Fig. 3.12. 
Table 3.10 Main root length in Field—grown seedlings of' 
war i ous ages 
Plant age / days 	 Main root length / mm 
field-grown seedlings 	ce-grown seedlings 
12 31.7 (± 1.56) 15.6 (± 1.53) 
30 115.4 (±15.20) 1 1+8.8 (± 7.38) 
1+1 11+8.3 (±12.96) 172.2 (±10.21+) 
52 113.1 (±12.32) 223.0 (±12.50) 
Figures are means (±se) (n10). Those for ce-grown seedlings are the 
means of Experiments 1, 2 and 3 in Fig. 3.9. 
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3..9 Xylopodlum formation and root system growth In 
seed! I ngs grown under field condi ti ons 
Finally in this chapter. xylopodium formation and root system growth in 
seedlings grown under field conditions is compared with that under ce 
conditions, so that conclusions based on growth room studies can be 
properly extrapolated to the growth of seedlings in the Cerrado. 
Between d12 and d52 there were no significant changes in the shape of the 
main root of field-grown seedlings (Fig. 3.14). Swelling must :therefore 
start after this time in the Cerrado. The absence of swelling and only 
limited thickening of main roots up to d52 (Table 3.9) was not a result of 
slow radial growth at the proximal-most end of the root, as values of A - 
that is, the cross-sectional area at the root/hypocotyl junction - were 
similar to those of ce-grown seedlings (Tables 3.9 & 3.1). Measurements 
taken from two scale drawings of single plants aged 70 and 140 d in 
Olonello (Figs. 45 & 46; 1978) indicated that swelling begins between d52 
and d70 (Fig. 3.14). Her drawing of a d70 plant indicates a small 
xylopodiurn, and the estimated value of As' for Si was 4.6 mm 2 , about the 
some as the threshold value for the onset of swelling of 4.0 mm' determined 
for ce-grown plants. By d140, it was clear that a xylopodium had formed 
and As' for Si (22.3 mm2) was similar to that at dlOO in ce-grown 
seedlings (cf Table 3.1). However, it appeared that the xylopodium was 
confined to the proximal 	of the root, whereas in 100 d old ce-grown 
seedlings the proximal 	of the root were swollen (cf' Figs. 3.14 & 3.2). 
From germination to d4i, main root lengths were similar to those of ce-
grown seedlings (Table 3.10). An initial similarity in extension is not 
surprising since conditions for germiotion and growth up to d10/12 were 


























FRACTIONAL DISTANCE ALONG THE ROOT 
Fig.. 3..14Main root diameter relative to that at the 
junction oP the root and hgpocotg! (0/8) plotted 
against Fractional distance along the root For 
field-grown seed! I ngs of' various ages 
•,d12; ó.d30; A.d+1; Q.d52; Dd70; •dlLiO. 
8/8 represents the root tip, nominally token to be a point. 
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Table 3.9 The cross sectional area oP the main root at 
its junction with the hypocotyl (A). and 
estimated mean cross sectional areas of main 
root segments 51 to 54 (AS) for different 
aged field-grown seed! i ngs 
PLANT AGE 	 A /mm' 	 AS /mm' 
/days 	 Si 	 52 	 53 	 54  
12 2.31 1.1+ 0.63 (Y. 46 0.1 1+ 
O.OSE.  
30 5.39 304 1.03 0.65 0.18 
0. 670 0.3 0.2E 0, CJ76 0.01C 
14 3.85 2.64 1.23 0.81 0.25 
0.161 P. 04S 0.002 
52 5.17 3.63 1.76 0.88 0.18 
0.262 0,12 0.162 O.1:3 0.021 
70 	 2.8 	 4.6 	 3.6 	1.1 	0.3 
1 1+0 	 5.7 	22.3 	6.6 	0.6 	0.3 
means ±se (n20. except d30 n10) 
Values for d70 and d140 were taken from single scale drawings in 
Dionello (1978). 
MATOM 
extension was subsequently maintained up to d30 despite differences in 
growing conditions. Main root length did not increase between dkl and d52, 
but if there was a cessation of extension it was transient, because roots 
continue to extend to lengths of between 500 and 600 mm after 5 to 6 
months growth (Arasaki, 1988). 
As with extension, initial increases in main root dry mass were similar to 
those in ce-grown seedlings (Fig. 3.15). However, by d40/1. the dry mass 
of main roots was significantly less in field-grown seedlings. By d50/52, 
main roots were approximately 4 of the dry mass of those grown under ce 
conditions (Fig. 3.15). Differences in main root length were not as great 
as these (see above), indicating that extension growth may be maintained at 
the expense of radial growth under conditions of slower overall plant 
growth. However, data on the differentiation of secondary root structure in 
field-grown seedlings are needed to determine whether the delayed start of 
swelling is the result of slower differentiation or alternatively of an 
inadequate supply of assimilate or some other factor from the shoot. 
Growth of the lateral roots was also similar to that of ce-grown seedlings 
up to d30, but their dry mass did not subsequently change. so  that at 
d50/52 it was significantly less than in ce-grown seedlings (Fig. 3.15). 
Despite the slower growth of the root system under field conditions, dry 
mass was partitioned similarly in both sets of seedlings between main and 
lateral roots (Fig. 3.15b), indicating that at least iially this process 
was little affected by differences in growing conditions. 
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Fig. 3. 15 a) Changes with age in dry weight of main (circles 
& solid lines) and lateral roots (triangles and dashed 
lines) in field- (q:msymbols) and ce-grown (closed 
symbols) seed! I ngs 
Values are means (n5 for ce-grown and 20 (10 at d30) for 
field-grown seedlings) and the bars standard errors 
b) Changes with age in the proporti on of root 
system dry mass in the main and lateral  roots 
The stippled area bounded by solid lines represents lateral 
roots and the clear area the main root For field-grown 
seedlings; the dashed lines represent values For ce-grown• 
seedlings taken from the nearest eqivalent harvest (upper 
portion lateral roots, lower portion main root). 	
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4 SEEDLING GROWTH, ROOT/SHOOT PARTITIONING AND SHOOT 
DEVELOPMENT IN K. coriacea 
	
4.1 	Introduction 
Since xylopodiui formation is an essential feature of establishment for 
seedlings of K. coriacea in the Cerrado, the production of dry weight and 
its partition between root and shoot are of interest, because these 
processes will be important in determining the size and starch content of 
the xylopodium; factors shown in Ch.3 to be of importance to regenerative 
capability. Therefore, in the next part of the project, the ..growth of 
seedlings, changes in root/shoot ratio (R/S) and the development of the 
shoot were examined. 
Changes with time in plant dry weight were followed in order to determine 
plant growth rate. The partition of assimilate between root. and shoot was 
examined in terms of changes in R/S with respect to time and plant size. 
Shoot development was examined by following cotyledon and leaf growth. 
This showed the cotyledons to be major components of the shoot in terms of 
lamina area and dry weight for a considerable time, and so a brief 
investigation to compare cotyledon and leaf characteristics, such as surface 
morphology, stomatal frequency and water vapour exchange behaviour was 
also carried out. 
4.2 	Changes in plant dry weight 
Changes with time in the dry weight of Ce- and field-grown plants are 
shown in Fig. 4.1. Conditions for germination and growth up to the time of 
transfer of seedlings to pots at d10/12, were closely similar in Edinburgh 
and Campinas (Ch. 2), and therefore, as might be expected, the slight 
decrease in plant dry weight up to d12 was similar in both sets of plants, 
and was due to a decrease in dry weight of the cotyledons (Fig. 4.7). Net 
gains in plant dry weight were not found until d25/d30, when plants were 
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Fig- 4. 1 a) Changes wi (/i age I n dry wei gh For Ce- and 
Fl el d-grown seed/i ngs 
b) Changes with age in I og dry weight  Ior ce 
and Pie! d---grown seedlings 
o and o . growth anal ysi s Experi ments 1 and 2 For ce-grown 
seedlings 
A. Held-grown seedlings 
Values are means of 5 ce-grown seedlings and 20 field-grown 
seedlings except only 10 at d30. In a). where possible to 
show them, bars are standard errors. 
In b). the solid line is the regression line (y0.038x + 
4.05; r0.9871. SdF.) For Experiment I Fitted between d20 
and dlOO, and the dashed line the regression line (y0.014x 
+ 4497; r0.9107. 2dF) For HeldgruwflSeel.95 Fitted 
between d12 and d52. 'Fctarity, the regression line For 
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significantly (p = 0.05) heavier than in the seed (Fig. 4.1). At this time, 
plant dry weight was still similar in both sets of plants, despite now 
different conditions. However, by d50/d52 significant differences in dry 
weight were apparent. The dry weight of field-grown plants had increased 
to about 200 mg, not quite double initial embryo dry mass, and 
significantly less than that of ce-grown plants, which was more than 
400 mg. By dlOO the dry weight of ce-grown plants had increased further 
to 2280 mg (Fig. 4.1). 
Straight lines fitted log plots of the dry weight data well; giving average 
relative growth rates from d20 onwards of 0.038 d for Experiment 1 and 
0.036 d 	for Experiment 2 (Fig. '+.lb). The growth of plants in the field 
was slower, and the calculated slope for the data from d12 onwards gave a 
value for relative growth rate of 0.014 d. There is, therefore, the 
indication that ce-grown plants, which themselves grew slowly, grew at 
almost 3 times the rate of field grown plants, emphasising that in the 
field, even when adequately watered, growth is extremely slow. The fitting 
of lines through the data in this way smoothes out Fluctuations in growth 
rate which could be associated with specific developmental events. However, 
no consistent pattern of fluctuations emerged from different experiments. 
4.2.1 Relative growth rate, unit leaf rate and leaf area 
ratio 	 - 
Relative growth rate (RGR) can be divided into 2 components - unit leaf 
rate (ULR) and leaf area ratio (LAR) - related by the equation; 
RGR = ULR x LAP 
or 	 = 1-& x La 	 (Eqn. 4.1) 
WdT LdT V 
where V is plant dry weight, Lc is plant leaf area and dW/dT is the 
instantaneous rate of change in V with respect to time. This allows RGR to 
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be considered in terms of the assimilatory capacity of the leaves (ULP), 
and the leafiness of the plant in terms of leaf area per unit plant dry 
weight (LAP) (Hunt, 1978). 
Initially, in Ce- and field-grown plants, LAP increased rapidly as the 
cotyledons expanded, but then remained relatively constant over the period 
d20 to d75, fluctuating in value between 0.013 and 0.018 rn 2 g 	(Fig. 4.2). 
Fluctuations in ULR however, were much greater, with values ranging between 
10 and 40 g m 2 wk' (Fig. 4.2). Although there were large differences in 
the fluctuations of RGR in ce-grown plants between experiments, it appeared 
to increase from an initially negative value to a maximum between d30 and 
d50. During the second .50 d, RGR decreased before appearing to increase 
again towards the end of the experiments (Fig. 4.2). AdditioraI harvests 
between d50, d75 and dlOO are needed to confirm this. The fluctuations in 
POP appeared to be due more to parallel changes in ULR than to changes in 
LAP (Fig. 4.2). 
In field grown plants, changes in LAR followed a similar pattern to those 
in ce-grown plants, and values although lower were not significantly 
different (Fig. 4.2). The initially slower growth of field-grown plants, 
therefore, appeared to be due to lower values of ULP than to lower values 
of LAP (Figs. 4.2). 
It is possible to estimate rates of photosynthesis from values of unit leaf 
rate (2.5.3.2). For ce-grown plants, estimated mean values ranged between 
1 and 6 mgCO2 dm h, with values for field grown plants about one half 
of these (Table 4.1). Up to d30, the cotyledons are the major 
photosynthetic organs of young plants (see below), and estimated 
photosynthetic rates over this period ranged between 3 and 5 mgCO 
dm-- h 1  in both ce- and field-grown plants. This suggests that rates of 
-106- 
Fig. 4. 2 Fluctuations with age in a) mean relative growth 
rate.  (RGR), b) Lin it /ear rate  (LILR) and a) I caP 
area ratio (LAR) for cc- and Field-grown 
seed! I ngs 
In a) and b). the solid lines are for growth analysis 
Experiment 1 and the short dashed lines for field-grown 
seedlings. In a) the long dashed lines  are for growth 
analysis Experiment 2. 
In c). o ce-grown seedl i ngs from growth anal ysi s 
Experiment 1; A . supplementary harvest of ce-grown 
seed! i ngs; • . H el d-gr ownseed! I ngs. Values are means of 
5 cc-grown seed! I rigs and 20 H old-grown seedl i rigs except 
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Table 4. 1 Estimated rates of photosynthesis For ce and 
Ii el d-grown seed! i ngs of K. cor i cicea 
Photosynthetic role mgCO2 dm h 
Harvest interval 	ce-grown 	 field-grown 
10 - 20 3.0 (0.87) 
12 - 30 3.2 (0.16) 
20 - 30 5.1 (1.81) 
30 : 41 0.11 	(0.2 11) 
30 40 1.0 (0.64) 
41 - 52 2.4 (0.16) 
(tO 	- 50 5.6 (0.62) 
50 - 	 75 1.2 (0.16) 
7.5 - 100 3.7 (0.20) 
Values are means calculated (2.5.3.2) by pairing the largest, second 
largest etc. plants across harvest intervals to obtain the standard 
errors shown in brackets. 
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photosynthesis in cotyledons are similar in both ce and field conditions, 
and that they could be as high as those in the leaves (Table 4.1). 
Values of photosynthetic rate calculated in this way will be underestimates, 
since they account for carbon lost from all plant ports over both light and 
dark periods. 
4.3 The Relationship between the Growth of' the Root and the 
Shoot 
In ce-  and Field-grown plants, the relative growth rate of the root was at 
all times greater than that of the shoot, and consequently R/S increased 
throughout the period of observations (Table 4.2, Fig. .3). Initially, the 
ratio of root and shoot relative growth rates was high and P/S increased 
rapidly from a value close to zero in the seed to one of between 0.15 and 
0.20 at d30. Until this time, changes in P/S and plant dry weight were 
similar in cc-  and field grown plants, implying that over this initial 
period of development, assimilate was partitioned similarly between root 
and shoot in both environments (Fig. +.3). 
Between d30 and c150, the ratio of root and shoot relative growth rates fell 
to almost 1 in both sets of plants (Table 4.2). Over this period, R/5 did 
not increase further in field grown plants, and was significantly (p = 0.05) 
lower than in ce-grown plants for which P/S continued to increase, but at a 
slower rate than before (Fig. 4.3). This might suggest that the allotment 
of dry matter to the root system was greater in ce-grown seedlings, but the 
slower development of field-grown seedlings (3.9) has not been accounted 
for. When P/S is plotted against seedling dry weight, it is shown that 
over the initial period of growth (up to d52 and 300 mg dry weight) dry 
matter is potitioned similarly between root and shoot in both field and cc 
conditions (Fig. L.Li.). 
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Table 4.2 Relative growth rates (d') of the root 
(RGRroot) and Me shoot (RGRshool) and the 
ratio RGRrooI/RGRshooL for cc -- and field-grown 
seed! I ngs 
Harvest interval 	 RGR 
/ d - d 	 Root 	 Shoot 	RGRroot/R6Rshoot 
ce-grown seedlings 
o - 10 0.336 -0.025 - 
10 - 20 0.097 0.035 2.771 
20 - 30 0.136 -0.006 - 
30 7 hO 0.060 0.039 1.538 
hO - 50 0.067 0.-O6-0 1.117 
50 - 75 0.035 0.017 2.059 
76 - 100 0.064 0.026 2.462 
Field-grown seedlings 
o - 12 0.329 -0.017 	 - 
12 - 30 0.116 0.016 7.250 
30 - 141 0.009 -0.001 	 - 
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The increase in the growth rate of the shoot relative to that of the root 
in ce-grown seedlings was due to the emergence and rapid growth of the 
leaves between d30 and d50 (see below). This was also the period during 
which the earliest stages of xylopodium formation occurred (Ch.3). However, 
the relative growth rote of the leaves rapidly declined while that of the 
main root/xylopodium remained more-or-less constant. increasing slightly 
towards the end of the experiment. As a result R/S increased from a value 
of less than 0.3 at d50 to more than 1 at dlOO. R/S data For field-grown 
plants up to 6 months old are available in Arasaki (1988) and these have 
been plotted in Fig. 4.4. It can be seen that as seedlings :age R/S 
increases more rapidly per unit plant dry weight under field than under ce 
conditions. There is, therefore, a considerable allotment of dry matter to 
the root system throughout seedling development, further indicating the 
importance of xylopodium formation. 
4. 4 The growth of the shoot 
The growth and development of the cotyledons, the initiation of leaves, 
lamina expansion and how the leaves are carried on the stem, can all be 
expected to affect the assimilatory capacity of the shoot and hence the 
growth rate of K. coriocea seedlings. These aspects of shoot growth were 
studied next. 
4.4.1 Shoot architecture 
Extension of the hypocotyl, similar and initially rapid in both ce- and 
field-grown plants, began soon after germination and was complete by d30 
(Fig. 4.5). Final length of the hypocotyl was about 2.0 cm in field grown 
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Table 4.3 Values of leaf/shoot dry weight ratio For ce 
and Fl el d grown seed! I ngs or K. cor I acea 
Plant; age / days 
10(12) 	20 	30 	40(41) 50(52) 	75 	100 
ce-grown 	0.972 0.949 	0.938 0.952 0.970 	0.969 	0.967 
(0.003) (0.005) 	(0.004) (0.003) (0.002) 	(0.002) 	(0.002) 
Field- 	0.965 - 	 0.899 0.916 0.917 	- 	- 
grown (0.002) (0.006) (0.005) (0.003) 
Values are means with standard errors in brackets. 
n5 for ce-grown seedlings; n20 br Li eld- r,iseedlings except ut 
d30 when n10. Ages in brackets refer to field-grown seedlings. 
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The growth of the stem was extremely slow. In a separate experiment with 
ce-grown plants, the length of the hypocotyl at dlOO was 13.2 (±1.24, 
n5) mm, and the length of the stem 7.3 (±0.89)'mm. Since 7.4 (±0.68) 
expanded or expanding leaves had been produced, these and the cotyledons 
were borne as a rosette with very short internodes, between 1.3 and 2.0 cm 
above the soil surface. In field grown plants the cotyledons and leaves 
were held slightly higher than this (see above). As aresult of the rosette 
habit, values for the ratio of leaf' to shoot dry weight (L/S) were very 
high (Table 4.3). In ce-grown seedlings. L.'S decreased initially as aresult 
of hypocotyl growth, but then increased to a stable value of .0.97. L/S 
decreased similarly in field-grown seedlings, but the subsequent increase 
was slower because of slower leaf growth (see below). 
44.2 Growth and Development of* the Cotyledons 
Expansion of the cotyledons began soon after germination, but was slow and 
not complete until d40. At this time, the cotyledons were dark green in 
colour, roughly elliptical in shape and leaf-like in appearance, with a 
large area per plant of about 20 cm' (Fig. 4.8). On average, the area of 
cotyledons per plant increased 6.5-fold from 3.26 cm' at dO to a maximum 
of 21.34 cm' at d40 (Fig. 4.'). In contrast, after on initial decrease, the 
dry mass of cotyledons increased throughout each experiment (Fig. 4.6), so 
that at dlOO in ce-grown plants, they had almost doubled in size from that 
in the seed. 
The cotyledons were a major component of the shoot until after d50, 
accounting for 41% of shoot dry mass and 20% of total photosynthetic area 
in ce-grown plants, and 84% of shoot dry mass and 83% of total 
h. 
photosynthetic area in similar aged field-grown plants. In the field re 
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extend for even longer. The leaf-like nature of the cotyledons is 
further examined in 94.5. 
4.4.3 Growth and development of the leaves 
Leaf initiation and leaf growth were followed in two separate experiments 
with ce-'own seedlings. In the Leaf Initiation experiment, at each harvest 
the apices of 10 plants were examined under a dissecting microscope and 
the number of leaves and printordia counted. A primordium was classified as 
a leaf once it had a recognisable mid-rib and lamina. At thls stage, the 
leaf was between 1 and 2mm in length and was just visible by eye. In the 
Leaf Area Expansion, experiment, leaf growth was examined at intervals 
between d20 and d100 by measuring the breadth at the widest point and the 
length of the mid-rib of each leaf on the plant. Leaf area was calculated 
using previously determined relationships between the length and breadth of 
the leaf and its area (2.52). 
4. 4. 3. 1 Leaf I n  t I at i on and emergence 
Between dO, when the embryo of imbibed seeds had no leaves or prirnordio, 
and d76, the rate of initiation of primordia was 0.12 primordia d, and 
the plastochron 8.7 d (Fig. 4 . 7). The rate of leaf emergence was also 
constant at 0.08 leaves d, with an apparent plastochron, based on the 
number of leaves only, of 12.0 d (Fig. +.7). Therefore, up to d76, the rate 
of leaf initiation exceeded the rate of leaf' emergence, and primordia - 
accumulated at the apex with successive primordia taking progressively 
longer to differentiate a mid-rib and lamina. 
It appeared that over the period d76 to diQO the rate of initiation of 
primordia decreased. At dlOO, the value obtained for the mean number of 
leaves and prirnordia per plant was 10.2 (95% CI: 8.96 - 11. 144). This was 
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From the regression line fitted to the data from dO to d76 (see Fig. 4.7). 
Between d76 and 100, the observed rate of initiation of prirmordia was 
0.05 d', and the increased plastochron 18.5 d. Over this period there was 
no parallel increase in the apparent plastochron (Fig. 4.7),  and so the 
number of primordia accumulated at the apex began to decrease. 
In the experiment with field grown plants, over the period d30 to d52, the 
calculated apparent plastochron was 55.0 d (Fig. 4.7). The production of 
leaves in Field grown plants was, therefore, considerably slower than under 
controlled environment conditions; if the apparent plastochron remained 
constant at its value of- 55 d, between 3 and 4 leaves only would have been 
visible at dlOO. 
4..4..32 Lamina expansion 
The area of leaves per ce-grown plant increased throughout the experiment 
to about 280 cm' at dlOO (Fig. 4.8). The increase was characterised by 
fluctuations in the rate of expansion of leaf area per plant, which appeared 
to be due to the pattern of expansion of individual leaves (see below). In 
Field grown plants, average rates of leaf area expansion were less than one 
tenth of those in ce-grown plants. Leaf area increased by only 0.1 cm- d 
between d30 and d41, and by 0.2 cm' d between thi and d52 (Fig. 4.8). 
Therefore, although Leaf 1 began to expand at the some time in Ce- and 
field grown plants, the slow rates of leaf emergence and lamina expansion 
under field conditions resulted in significant differences in leaf area 
between them and ce-grown plants by d40. At d50 the leaf area of ce-grown 
plants was 71 cm', fqteen-fold greater than that of field grown plants at 	
LLA  
d52 which was only 5 cm' (Fig. 4.8). 
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It. 4.3.3 The growth oP individual leaves 
The fluctuations in the rate of expansion of leaf area per ce-grown plant 
(see above) were the result of the pattern of timing of growth of 
individual leaves. Despite a constant rate of leaf emergence, the expansion 
of successive leaves was not evenly spaced in time, but periodic (Fig. 4.9). 
Leaves 1 and 2. 3 and 4, and 5 and 6 appeared to expand as successive 
pairs, with a longer interval between the expansion of each pair than 
between the expansion of the individual leaves of the pair (Fig. 4.9). The 
average rate of expansion of successive leaves from the time of emergence 
to full expansion increased (Table 4.4); but superimposed on this general 
trend was the fact that the average rates of expansion of Leaves 2, 4 and 6 
during the initial stages of unfolding (emergence to 20% of final area or 
10 cm') were greater than those of the leaves immediately preceeding and 
succeeding them (Table 4.4). thereby resulting in the observed periodic 
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Table 4. 4 The time taken (days) for Leaves 1 to 6 of ce 
grown seedlings to reach speciFic developmental 
stages and average expansion rates (cm d') 
during these periods 
DEVELOPMENTAL 	 LEAF: 
PERIOD: 	 1 	2 	3 	4 	5 	6 
Emergence to 
20% of 	f'i not 9.7 5.0 14.7 11.44 	14. 7* 	SF 
area 
Average 0.69 1.82 0.74 1.11 	0.68 	0.91 
expansion rate 
Emergence to - 
Final 	area 33.7 38.0 37.2 33.9 	- 	- 
Average 0.99 1.19 1. 45 1.87 
expansion rate 
time taken to expand from emergence to 10 cm. 
-i4- 
4. 5 - Cotyledon and leaf characteristics 
The expansion and longevity of, and estimated photosynthetic rates for the 
cotyledons suggested that their role in seedling growth is important. In 
view of this, an investigation comparing them with the leaves was carried 
out. 
4.5,1 Morphology 
Fully expanded leaves of Kielmeyera are characteristically bordered by a 
margin of clear cells lacking chioroplasts. For a typical leaf 10 cm in 
length and 5 cm in breadth, a margin 1.5 mm wide reduces the potential 
photosynthetic area by between 7 and 8%. This represents an investment of 
assimilate within the leaf into the production and maintainance of non -
photosynthetic cells, the function of which is not clear. There is no such 
margin in the cotyledons. 
Both obaxial and adaxial leaf surfaces were covered with small, thin 
platelets of epicuticular wax (Fig. .10a,b). These were more dense on the 
adaxial surface, and occurred pocked together in small clusters, with each 
platelet orientated perpendicularly to the plane of the lamina (Fig. L+.lOb). 
On the abaxial surface, the clusters were smaller and less frequent and 
many platelets appeared to be flattened against the lamina or at a slight 
angle to it rather than standing on edge (Fig. 4.10a). On both surfaces, 
platelets covered the raised stomata[ complexes up to the stomatol aperture 
at densities similar to those on the rest of the lamina (Fig. .10a,b). 
In contrast, the epicuticular wax on both surfaces appeared to cover the 
cotyledons in large sheets (Fig. '#.lOc,d). or perhaps in a continuous layer 
which appeared cracked and incomplete in places. The wax looked similar on 
both lamina surfaces, and was uneven and granular, as if further deposits 
were embedded in it. The stomata[ complexes on both surfaces were heavily 
encrusted with wax (Fig. Lf.lOc.d). 
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Fl g It.. 10 Scanni ng of ecfron ml crogr'aphs of coy/ edon and 
leaF Feaure.s in 50 d old seedlings of 
K. coriacea 
Abcixiat surface of Lear 1 showing epicuticular wax 
deposits on guard ce!ls of stoma. 
As a), but adaxial surface, showing 'eater density of 
wax plctelets. The density of wax platelets is as great on 
the guard cells of stoma as on epidermal  cells. 
Aboxial surfcce of cotyledon showing epi cuticular wax 
dcpoits almost completely encrusting a stoma. 
As c), but adax:iall surface. The wax on the cotyledons is 
more amorphous than that on the leaves which is 
crystalline. 
(e. to g. on p. 129.) 
Freeze fractured section through a leaf, showing upper 
cnd lower epidermes. and palisade and mesophyll cell layers. 
Section through an adaxial leaf stoma showing cuticular 
lips forming interior and exterior antechambers to the 
stomatal pore. 
Section through an abcixia{ leaf stoma (also with interior 
and exterior cuticu!cr lips) showing epicuticular wax 
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4.5.2 Anatomy 
Stomata were present in both the adaxial and abaxial surfaces of the leaves 
and cotyledons, both of which were therefore amphistornatous. Both upper 
and lower epidermes of leaves were one cell thick, the lower epidermis 
being thinner than the upper (Fig. 4.10e). Beneath the upper epidermis, was 
a layer of elongated palisade cells, and below this a spongy mesophyll (Fig. 
4.10e), composed of stellate cells with short arms protruding from a 
roughly spherical central portion, forming air spaces between the cells. 
The short arms joined mesophyll cells to other mesaphyll cells, to palisade 
cells, and to cells of the lower epidermis. Thus the internal structure of 
the leaf' appeared to be that of a typical dicotyledon such as Phaseolus 
vu(gcris. The structure of the cotyledons was similar to that of Leaf' 1 
and hence leaf - like, but less well defined (Fig. 411) 
4.5.3 Stomatal structure in the leaves 
The stomata of the leaves and cotyledons were of the paracytic type, being 
composed of two kidney-shaped guard cells, each bordered on its dorsal wall 
by a subsidiary cell, these in turn abutting onto the much larger cells of 
the epidermis (Fig. '+.lOf') (Villrner, 198). In the leaves, the dorsal wall 
of the guard cells was thin, but the inner and outer lateral walls and the 
ventral wall were thickened (Fig. 1.1017). Two, large cuticular lips together 
formed on exterior antechamber, and two other similar but smaller cuticular 
lips formed an interior antechamber. (Fig. 1+.10f'). The guard cells and 
subsidiary cells formed together with the much larger epidermal cells and 
either palisade or mesophyll cells, substomatal cavities (Fig. L+.lOg). 
Epicuticular wax platelets were found within the substomatal cavity on the 
walls of the guard cells of some stomata (Fig. 4.10g). The outer cuticular 
lips, heavily encrusted with epicuticular waxes, appeared to occlude some 
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the centre of the pore (eg. Fig. '+.lOd). This was seen more often in 
cotyledons than in leaves. Further sectioning is needed to determine the 
struture of stomata in the cotyledons. 
4.5.4 Stomalal Frequency and size 
Measurements of stomatal frequency were made on the cotyledons and Leaves 
1 and 2 of five 50 d old plants grown under standard conditions. Stomotal 
frequencies were very low and less than 50 mm for all surfaces, except 
the abaxial surface of Leaf 2 (Table 4.5). Stomatal frequency was the same 
for both surfaces of the cotyledons at about 30 mrn 2 , but in contrast, in 
both leaves, stomatal frequency was significantly higher in the abaxiol 
surface, being twice that of the adaxial surface (Table 4,5).  Despite 
differences in frequency, the number of stomata per leaf was not 
significantly different between Leaf 1 and Leaf 2 (Table +.5). Stomata tend 
to form early in leaf development, and so frequencies are often greater in 
leaves which are still expanding (Dale & Mi lthorpe, 1983). This may 
explain the higher frequencies in Leaf 2, since it does not become fully 
expanded until about d70 (Fig. .9). The final area of Leaf 2 is generally 
greater than that of Leaf 1, and so it follows that final stomatal 
frequencies in Leaf 2 will be lower than in Leaf 1 (provided that no new 
stomata are formed). 
Measurements of stomatal pore length showed that there were no differences 
in size between the adaxial and abaxial surfaces of the cotyledons, Leaf 1 
or Leaf 2 (Table .5). Stomatal pore length was 31 to 33 ,.m in the 
cotyledons and Leaf 1. but 5 to 7 um less for Leaf 2. Again, this was 
probably because Leaf 2 was still expanding when the measurements were 
made (see above). 
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Table 4.5 Stomatal frequency guard cell length in the 
cotyledons and leaves of 50 d old ce-grown 
seed! i ngs 
Stomata mm-' 
Cotyledon 	 Leaf 1 
	
Leaf 2 
Adaxi al 34 	±1. 6''' 22 	±1.7' r2C') 34 	±3. 6s) 
surface 
tbaxial 30 	±1.6'' 44 	±2.6'• 72 
surface 
AB/AO 0.90 	±0.07 2.14 ±0.30 2.07 ±0.23 
Projected 9.9 ±0. 4 38.3 ±6.3 24.4 ±2,6 
eaf area /cm'  
Stomata per 62,808 251.335 252,832 
leaf (cv/%) (24.7) (43.5) (42.3) 
Guard cell length / ini 
Adaxial 	32.7 
	
31.0 ±0.6''° 	25.8 ±l.O - °•' 
surface 
Abaxial 	33.1 ±0.Lf''' ) 
	
32.7 ±0.7' 	25.8 ±1.0 
surface 
Means ±se. Unless stated otherwise, n=5 for the cotyledons and 
Leaf 1 and n3 for Leaf 2 (see Ch.2 for details of sampling). The 
symbols for statistical significance refer to differences in stomatal 
Frequency or stomatal pore length between adaxial and abaxial 
surfaces within a leaf. AG/AD is the ratio of the number of stomata 
in the abaxial surface to that in the adaxial surface. cv is the 
coefficient of variation. 	 - 
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4.5.5 The diurnal pattern of transpiration and leaf 
diffusive resistance in 50 d old seedlings 
Tronspirationol water loss from 50 d old seedlings increased rapidly from a 
	
mean night-time value of 0.15 g 1-60 plant 	h 1 following the start of the 
photoperiod to a maximum of 1.2 g H20 plant h 1 between 1+:00 and 16:00 
(Fig. 4.12). The transpiration rate then decreased rapidly, but then more 
slowly during the remainder of the photoperiod to a value of 0.56 g H20 
plant- ' h 1 just after the lights went out. The diurnal pattern of 
transpiration was therefore unimodal, with no indication of partial "mid-
day" closure of stomata. 'Values of transpiration rote over the early port 
of the next dark/light cycle were identical to those over the first (Fig. 
4.12). 
Parallel measuremernts of leaf diffusive resistance to water vapour from the 
adaxial and abaxial surfaces of Leaf 1 (R and R) were made on each 
plant (see Ch.2) (Fig. 4.13). The leaves of two plants reacted adversely to 
being handled, and the stomata of both surfaces closed (Fig. 4.13). The 
weights of water lost from these plants over the experiment were 14.0 and 
12.1 g, which were less than the mean value of 23.5 ±3.4 g (n3) for 
unaffected plants. The mean diffusive resistance for the whole leaf (R) 
was therefore calculated from the data from unaffected plants only. This 
was done using the following equation from Nobel (1976): 
= R.R/(R 	+ R) 	 (4.2) 
As might be expected. minimum R 1  occurred when the rate of increase in 
transpiration was maximal at about 11:00 (Fig. 4.14). 	then increased 
slowly at first and then more rapidly during the rest of the photoperiod, 
corresponding to the slow and then rapid decrease in transpiration rate. 
The transpiration rate of whole seedlings was found to be significantly 
negatively correlated to R 1 (r'0.8181, n11) (Fig. 4.15). The 
correlation coefficient was not greater since transpiration occurred also 
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Fig. 4. 12 Diurnal course of transpiration from 50 d old 
ce—gi-own seedF I ngs 	 - 
Means ±se (n5). Transpiration rate per unit lamina area was calculated 
assuming a total leaf area per plant of 172 cm' (projected leaf area of 
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Fig. 4.13 Diurnal course of adaxial (A) and abaxial (B) 
surface di ffusi we resistances to water vapour 
For Leaf 1 of 50 d old ce-grown seedlings 
Symbols represent individual plants. The bar along the x -axis represents 
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Fig. 4.14 Diurnal course of total diffusive resistance to 
water vapour of Leaf 1 
Means ±se (n=3) of plants unaffected by handling (see text: For details). 
The bar along the x-axis represents the dark/light cycle. 
Fig. 4.15 Dependence of plant transpiration rate on the 
total diffusive resistance to water vapour of 
Loaf' 1 
Means of plants unaffected by handling (see text for details). 
The equation of the line. fitted by regression analysis, is 
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from the cotyledons and Leaf 2. Nevertheless, this indicated that water 
transpired from Leaf 1 probably accounted for a significant proportion of 
the total. 
was again minimal at 11:00 during the following dark/light cycle, but 
its value was 10.1 ±0.70 s cm-1  compared to the previous minimum of 2.9 
±0.24 s cm- ', an average 3.5-fold increase. This suggests that the stomata 
of Leaf 1 in these plants were also sensitive to repeated handling. The 
effect was not due to water stress, as transpiration rates for whole 
seedlings were the some on both days (see above). In addition, the ratio 
R/R increased throughout the experiment (Table 4.6), suggesting that 
stomata of the adaxial surface were more sensitive to handling than those 
of the abaxial surface. The minimum mean value for Rd/R was 2.56 ±0.41 
whilst the mean ratio of the number of stomata in the abaxiol surface to 
that in the adaxiat surface was 2.14 ±0.30. Since stomatal pore length for 
both surfaces was the same (see above), this suggests that at the start of 
the experiment the mean diffusive resistances of stomata in both surfaces 
were similar. 
4. 5. 5. 1 The di Ifusi ye resistance to water vapour of 
cotyledons and leaves 
The aim of this experiment was to compare the water vapour exchange 
characteristics of cotyledons and leaves. It was done between 12:30 and 
15:30, when transpiration rates were maximal (Fig. 4.12). To facilitate 
separate measurements of the diffusive resistance of cotyledons with the 
large porometer cup, seedlings were removed from their pots and supported 
in 1 dm' jars of nutrient solution (see Ch.2). This had the effect of 
slightly increasing the diffusive resistance of cotyledons and leaves, but 
the values for Leaf 1 remained within the range determined for the some 
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Table 4.6 Changes with duration of experiment in the 
ratio of diffusive resistance to water vapour 
of the adaxial surface (R) of Leaf 1 to that 
of the abaxial surface (R) in 50 d old ce-
grown seed! I ngs 
Ti me 
Day 1 	09:00 	11:00 	13:00 	15:00 	17:00 	19:00 	20:30 	22:30 
R/R't 	2.56 	2.61 	3.00 	3.65 	3.63 	3.33 	3.09 	3.61 
±se 	0.41 0.2 1+ 0.20 0.63 0.32 0.43 0.12 0.23 
Day 2 07:30 09:00 11:00 13:00 
R/R 3.20 4.39 4.39 3.98 
±se 0.23 0.22 0.09 0.07 
Figures are means ±se (n=3) 
-I3- 
time of photoperiod in the previous experiment, and the effect was 
considered to be insignificant (Table 4.7a; Fig. 1 .13). 
The reciprocals of R and R' - the diffusive conductances of each surface 
(Ludlow. 1982) - were combined (Eqn. 4.2) to give diffusive conductances for 
the cotyledons, Leaf 1 and Leaf 2 (g t', g" ' and gt-12  respectively). This 
was done because Ludlow (1982) recommends that stomatol limitations are 
expressed as conductances when considering fluxes of either water vapour or 
CO2. These were then converted to molar conductances (g (mol ftO m 7 
s)) using the following equation from Körner & Cochrane (1985) so that 
an estimate of transpiration rate for each leaf could be made (see below): 
0.83(273 + T)/P 	 (.3) 
where cng is the diffusive conductance (cm s). T is the temperature (C) 
and P is atmospheric pressure (assumed here to be 101.325 kPa (standard 
atmospheric pressure at sea level and 288 K (Lutgens & Tarbuck, 1979))). 
The conductances of the cotyledons and Leaf 1 were similar (Table 4.7b), 
and this corresponds with the similar mean stomatal frequencies and guard 
cell lengths observed for these leaves (Table 1 . 5) . This suggests that the 
water vapour, and by inference the CO2:, exchange characteristics of the 
cotyledons and Leaf 1 at this stage of development are similar. The lower 
conductance of Leaf 2, despite its higher mean stomata! frequency (Table 
4.7b). may have been due to the immaturity and shorter mean pore length of 
its stomata (Table 4.5). 
Knowing .—,:tg- - f for the cotyledons, Leaf 1 and Leaf 2 and since the ratio 
of the areas of the cotyledons. Leaf 1 and Leaf 2 could be derived from Fig. 
+.9. it was possible to estimate the proportion of transpirotional water 
loss that would be attributable to each organ (Table 4.7c), assuming that 
the difference in water vapour pressure between the inside and outside of 
each leaf was the some (see Eqn. 4.4). This indicated that at d50 about 
30% of water would be lost from the cotyledons. 50% from Leaf 1 and 20% 
-139- 
Table 4. 7 Water vapour exchange characteristics of 
cotyledons and Leaves 1 and 2 in 50 d old Ce-
grown seed! I ngs 
Adaxial. abaxial and total diffusive resi seances to water vapour 
(R'. R & Raf respectively) of cotyledons and Leaves 1 and 2 of 
50 d old ce-grown seedlings 
Diffusive resistance / s cm- ' 
Cotyledons 	 Leaf 1 	 Leaf 2 
Time: 	R' 	 RL 	R 3 	 R' 
13:00 	7.49 5.42 3.14 	13.31 5.55 3.92 
	
31.55 10.34 7.79 
0.99 - 	 1.50 0.74 
	
16.82 	0.78 
(n) 	(6) 	(2) (4) 
	
(2) 
15:00 10.49 9.66 5- ' 03 	24.36 6.05 4.85 	35.65 17.15 11.58 
±se 	1.51 1.20 11.56 1.38 	13.69.. 2.30 
(n=) (8) 	 (4) 	 (2) 
R 	and R 	were combined to give 	using Eqn. 4.2. 
Total diffusive and molar conductances to water vapour (cng 1 
and mc.19 1 	respectively) of cotyledons and Leaves 1 and 2 of 50 d 
old ce-grown seed! i ngs 
Time 	 Cotyledons 	Leaf 1 	 Leaf 2 
13:00 crg " 	0.332 ±0.021 
/ cm 
0.134 ±0.008 
/ mol H20 m 
15:00 	 0.235 ±0.041 
/ cm s_i 
0.095 ±0.017 
/ mol HO m  
0.268 ±0.035 	0.141 ±0.031 
0.108 ±0.014 0.057 ±0.012 
0.251 ±0.049 0.094 ±0.025 
0.101 ±0.020 0.038 ±0.010 
g1f was calculated from individual values and not from 	in 
A). nig 	was calculated from crng 	using Eqn. 4.3 (see text 
for further details). 
(n as in A)) 
MEM 
Table 4.7 contd. 
C) Estimated percentage of transpirational water loss attributable to 
the cotyledons. Leaf 1 and Leaf 2 in 50 d old ce-grown seedlings 
Time 	 Percentage of water lost by transpiration from 
Cotyledons 	Leaf 1 	Leaf 2 
13:00 	 354 	 42.7 	 21.9 
15:00 	 31.6 	 50.0 	 18.4 
Percentages were calculated from 	 in B) and the ratio of 
cotyl edon: Leaf 1: Leaf 2 lamina  areas of 0.25:0.38:0.37 - derived from 
Fig. 4 . 9 
0) Estimated combined molar conductance (migFia1t). calculated 
transpiration rate (E) and measured transpiration rate (T) for 50 d 
old ce-grown seed! i ngs 
Time 	 E 	 T 
/ mol HA m 	s 	/ niol H20 nr 2 s 	/ mol H20 m 
13:00 	0.096 ±0.011 	2.5 ±0.3 	 2.5 ±0.2 
15:00 	0.076 ±0.016 	2.0 ±0.4 	 2.5 ±0.4 
was calculated from roig' 	for the cotyledons, Leaf 1 and 
Leaf 2 in B) and the ratio of lamina areas in C). E was calculated 
using Eqn. 4.4, and T was the mean value For transpiration rate of 
plants unaffected by handling in the experiment described in 94.5.5 
For A), B), C) and D), seedlings were in soil at 13:00 and in one 
litre jars of nutrient solution at 15:00 (see text for further 
details). 
from Leaf 2 (assuming that the boundary layer resistances for each leaf are 
about the some). This indicated the continuing importance of the 
cotyledons at least in the water budget. if not also the carbon budget, of 
seedlings. It also confirmed the major contribution made by Leaf 1 to the 
water budget at this stage (see above). 
The validity of these estimates could be checked since it was possible to 
calculate a combined conductance for the whole plant 
(,gt) knowing 
the ratio of lamina areas and the estimated conductances for each leaf, and 
from this value, to estimate plant transpiration rote (E) using the 
following equation from von Coemmerer & Farquhar (1981): 
E = n1g . ( w'i 	 (4 .4) 
(1-w) 
Aw is the vapour concentration (mole fraction) defecit and equals (e. - 
e)/P (Körner& Cochrane, 1985); w equals (e + e)/2P. e. and e are the 
partial pressures of water vapour inside and outside of the leaf 
respectively, it generally being assumed that air in the intercellular 
spaces is at 100% relative humidity and therefore that ec, is the saturated 
partial pressure of water vapour at temperature T (Sharkey, 1985). 	Relative 
humidity was assumed to be 40%, and as before, P to be 101.325 kPa and T 
30C. Values of E could then be compared with actual transpiration rates 
measured in the previous experiment. As can be seen in Table 4.7d, the 
calculated and actual transpiration rates were in close agreement. 
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5 THE UP TAKE OF 'C-CARBON DIOXIDE BY THE COTYLEDONS AND 
FIRST LEAF AND THE PARTITION OF EXPORTED "C-LABELLED 
ASSIMILATE BETWEEN PLANT PARTS 
5.1 Introduction 
During the First 50 days of seedling growth, several key developmental 
events occur. These include the initiation and emergence of lateral roots, 
the beginning of secondary thickening and of starch accumulation in the 
main root, the start of xylopodium formation and the initiation and growth 
of the first true leaves. These events occur both in series and in parallel 
with respect to time and lace within the plant, and must involve a measure 
of competition by different organs for assimilate from the same source. 
The xylopodium is likely to compete in this way with other developing 
structures, and the source of carbon For its nutrition and the distribution 
of carbon between different organs are of interest. One of the major aims 
of this part of the work, therefore, was to follow changes in the 
destination of assimilate exported from the cotyledons and Leaf 1 during 
plant development. 
OF particular interest was the observation that the early stages of 
xylopodium formation appeared to coincide with the expansion of Leaf 1. On 
the assumption that leaves become net exporters of assimilate when between 
30 and 50% fully expanded (Turgeon & Webb, 1973), Leaf 1 in ce-grown plants 
would be expected to begin to export significant amounts of assimilate at 
about d40. Another aim of this work, therefore, was to determine when Leaf 
1 became a net exporter of assimilate, so that the period during which 
growth was dependent solely on assimilate from the cotyledons could be 
determined. 
3- 
5. 1. 1 The exper I men ts perPormed 
Two main experiments were performed in which plants were fed 1 C- labelled 
carbon dioxide ( 14CO0. In the first experiment (Cotyledon Feed 
experiment), an area of the adaxial surface of one cotyledon on plants of 
various ages was given a pulse of "CO2, and after 24 h, the amount of 
label in each organ measured (2.7). In the second experiment (Leaf Feed 
experiment), a similar pulse of 	CO was given to a similar area of the 
adaxial surface of Leaf 1 at various stages of expansion, and again after-
24 h, the amount of label in each organ measured. In view of the high 
levels of starch accumulated by the xylopodium, three fractions were 
extracted from each plant part and the label in each counted (2.7). 
5.2 Changes in the assimilatory capacity of the cotyledons 
The calculated rate of photosynthesis of cotyledons (2.7.4.4) increased 
slowly from 1 • 4 mg CO dm'' h'' at d23 to a maximum of 10.2 mg CO dm -- 
h' at thO (Table 5.1). Increases in photosynthetic rate followed closely 
those in cotyledon area when both were expressed as a percentage of the 
maximum value observed (Fig. 5.1a). As a result, photosynthesis per 
cotyledon pair followed a similar pattern, and was also maximal at d40 
(Fig. 5.1b). Maximum rates of photosynthesis and photosynthesis per 
cotyledon pair coincided with the completion of expansion of the cotyledons 
and the start of xylopodium formation in the proximal-most part of the 
main root. Following full expansion, the rate of photosynthesis decreased 
rapidly to 57% of the maximum value at dSO. Data from older plants are 
needed to determine the extent of any further decline in photosynthetic 
rate. 
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Tab! e 5.1 The amount of ' 6C-1 abel recovered per plant 24 
hours after feeding, and photosynthetic rates 
estimated From these data 
PLANT AGE OF LEAF 1 AMOUNT OF LABEL ESTIMATED RATE OF 
AGE / days from RECOVERED PER PHOTOSYNTHESIS 
/ days emergence PLANT / dpm / mg CO2 dm 	h 
&.. Cotyl edons 
23 3 1,460.093 44 
(*88 814,176.1) 
30 10 7.323.851+ . 	 . 	 7.1+ 
(±56 673,649.7) 
1+0 20 10,0 14.6,960 10.2 
(±66 . 486,348.4) 
50 30 5,756.047 5.8 
(*66 661,681 .9) 
B— Leof 1 
28* 8 74.536 0.1 
(±66 22,458.5) 
36 16 1,019.102 1.0 
(*56 293,266.7) 
40 20 824,996 0.8 
(±98 203.618.7) 
40- 2.762,789 2.8 
(*66 101,576.7) 
44 24 639.540 0.6 
(*55 169,125.8) 
In both experiments n5. except for the separate run with Leaf 1 at 
d40 (40w), when n=3. Feeding was with 7.4 x 10 1 Bq 14CO2 for 10 mm 
over an area of 281+ mm2 of the adaxial surface of the cotyledon or 
Leaf 1. At d23, for the cotyledons, feeding was for 15 min over an 
area of 64 mm2 , and at d32 for Leaf 1, the entire longitudinally 
folded leaf was fed (see Ch.2). 
*: Adjusted plant ages, see 2.7.4.1 
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Fig. 5.1 Changes with age in the calculated 
photosynthetic rate of and in export or 'C 
label From the cotyledons and Leaf 1 
o, calculated photosynthetic rate per unit area 
, export 
•, photosynthesis per cotyledon pair or per leaf 
A, export capacity 
The cotyledons are represented in a) and b). and Leaf 1 in 
c) and d). 
Values are expressed as a percentage of the maximum 
observed value. All axes as in a). 
The dashed lines represent the time courses of lamina 
expansion of the cotyledons and Leaf 1. 
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5.3 The export of "IC—Labelled assimilate from the 
cotyledons 
Export (see §2.7.4.2) From the cotyledons increased from 17.4% at d23 to a 
maximum observed value of 35.8% at d30 (Table 5.2). Over this period, 
export capacity (2.7.4.2) increased 6-fold, from 2.8 x 10 dpm per pair of 
cotyledons at d23 to a maximum of 16.9 x 10 dpm per pair of cotyledons as 
photosynthetic rate and lamina area increased (Table 5.1 & Fig. 5.1a). 
However, by d40, despite further increases in photosynthetic rate and 
amino area, export capacity had decreased due to a halving of export from 
35.8 to 16.6% (Fig. 5.1b 	Table 5.2). Therefore, maximum export and export 
capacity preceeded maximum photosynthetic rates and photosynthesis per 
cotyledon, and decreased over the critical period of d30 to d40 when the 
xylopodium began to form. The further decrease in export capacity by dSO 
(Table 5.2) was due more to a decrease in photosynthetic rate than a change 
in export (Table 5.2 & Fig. 5.1a). 
5.4 The transition of Leaf' 1 from net import to net export 
OP assimilate 
The transition of Leaf 1 from net import to net export of assimilate occurs 
when the amount of assimilate exported from the leaf' exceeds the amount 
imported. Most import will come from the cotyledons and any from the 
hypocotyl, likely to be negligible in comparison, is not considered here. 
The calculated amount of 4C-label that would have been imported by Leaf 1 
from the cotyledons and the calculated amount of 14C-label that would have 
been exported from Leaf 1, had the entire odaxial surfaces of these organs 
been fed (see Ch.2), are plotted against leaf' age in days from emergence in 
Fig. 5.2. Leaf' age is used rather than plant age as the abscissa, since the 
time of emergence of Leaf 1 varied between experiments (see §2.7.4.1). 
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Table 5.0 The export of' ' 4C—labelled assimilate from the 
Fed cotyledon and LeaF 1 
The Label Exported is the amount of 14C-label recovered 
from all plant parts, other than the fed organ, 24 hours 
after feeding. It represents the amount of label exported 
from the fed organ. This is expressed as a percentage of 
the total label recovered per plant (Table 5.1) to give 
Export. Export Capacity is Label Exported expressed per 
cotyledon pair or per leaf (see Ch.2). 
PLANT 	AGE OF 	LABEL 
AGE LEAF 1 EXPORTED 




EXPORT 	EXPORT CAPACITY 
1% 	/l06 dpmper 
cotyledon pair or 
per leaf
Fed eo€l edon 
23 3 205,736 17.4 
(±6E S4,781.6 2.4.6) 
30 10 2,555.023 35.8 16.87 
(.*SE 206120.4  
40 20 1,618.243 16.6 12.25 
30S,209.6 3 . 60) 
50 30 1.348,289 26.1b 10.21 
611 	84.€..8 11 .26) 
B_. Leaf 1 
28c 8 31.531 46.1 0.03 
7.6127 6.37) 
36 16 36,358 4.9 0.11 
(*66 9738.4 
1.61) 
40 20 135,476 13.5 0.94 
(*65 S9; 261 .2 
4.40) 
44 24 145,521 27.7 1.49 
(*66 61 P 610.7 
9.67) 
In both experiments n5. 
For the cotyledons at d23, the figure in column 1 was in addition 
multiplied by (284 mm' x 10 mm) and divided by (64 mm-- x 15 mm), 
to convert to the some exposure to 14.CO2 as for older cotyledons. 
This figure was high because of an exceptionally high value of 68% 
for one plant. With this value excluded, the mean Export of the 
remaining 4 plants was 15.5 (±5.14) X. 
Adjusted plant age, see §2.7.4.1. 
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The export capacity of Leaf' 1 8 d after emergence was very low, despite 
high export of s6% (Table 5.2). At this time the rate of photosynthesis of 
Leaf 1 was very low and the lamina only 1+% expanded (Table 5.1 & Fig. 
5.1c). Such a high value of export is unexpected in such a young leaf 
(Turgeon & Webb. 1973), and may represent label lost from the leaf by 
respiration and refixed by other plant parts (Thrower, 1977). It is 
significant in this respect that 65% of the 'exported' label was recovered 
from the cotyledons (Fig. 5.3b). 16 d after emergence, the photosynthetic 
rate of Leaf 1 had increased to a maximum of 1.0 mg CO .dm 2 h 1 and the 
lamina to 25% of full siz. However, since export was now only 5%, export 
1$ 
capacity remained low (Table 5.2). Thisj ,a very low rate of photosynthesis 
and an additional run with three 40 d old plants gave a value of 
2.8 mg CO2 dm 2 h 1 (Table 5.1), indicating that in the main experiment 
rates may have been underestimated by at least a factor of three (Fig. 
5.lc). 
20 d after emergence, export had increased to 13.5% and leaf' area to 60% of 
full size, with the result that export capacity increased substantially to 
0.9 x 10 dpm per leaf, despite the declining photosynthetic rate (Table 5.2 
& Fig. 5.1c). Concomitantly with the increase in export capacity, import of 
label from the cotyledons into Leaf' 1 decreased from a high value 10 d 
after emergence to 0.7 x bE dpm per leaf' 20 d after emergence, slightly 
less than the amount of label exported from the leaf' at the some time (Fig. 
5.2). Therefore, the transition of Leaf' 1 from net import to net export of 
assimilate occurred between 16 and 20 d after emergence (Fig. 5.2), over 
which period, the leaf' expanded from 25 to 60% of full size (Fig. 5.1). The 
timing of the transition of Leaf' 1 to net export of assimilate in relation 
to plant age will depend on the time of emergence of Leaf 1, but would 
typically occur between d36 and thO. It is probable, therefore, that this 
significant process coincides with the start of xylopodium formation (Ch.3). 
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Fig. 5.2 Changes with leaf age in days from emergence in 
the calculated amounts of 'C label retained by 
and exported from Leaf 1. and the calculated 
amount of 1 C label imported by Leaf 1 from the 
cotyledons 
Calculated amount of 1 C label 
o imported from cotyledons 
•, exported from Leaf 1 
A. retained by Leaf 1 
Fig. 5.4 Changes with age in the calculated amounts of 
label imported by the root and shoot systems 
From the cotyledons (a) and Leaf 1 (b) 
D. import by the root system 
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Furthermore, seedling growth is dependent for assimilate sol,y on the 
cotyledons for a considerable length of time. In the field, where leaf 
expansion is slower (94.4.3.2), it is likely that this period is even longer. 
Despite the decrease in photosynthetic rate to 60% of the maximum 24 d 
after emergence, photosynthesis per leaf continued to increase with further 
increases in lamina area (Fig. 5.1c,d). The maximum value of export 
capacity of 1.5 x 10 dpm per leaf' was also observed at this time, as 
export and lamina area continued to increase (Fig. 5.1c). In contrast to 
the cotyledons, this occurred after the time of maximum photosynthetic 
rates and coincided with the near completion of lamina expansion (Fig. 5.1). 
This is consistent with the declining nutriionai demand of the leaf for 
assimilate as it approaches maturity. Further work is needed to determine 
whether export and export capacity increase further 
5.5 The general strategy of distribution of "C-labelled 
assi mi I ate exported from the fed cotyl edon and from 
Leaf 1 to the root and shoot 
The strategy for the supply of assimilate from the cotyledons to the root 
and shoot appeared to be one of major supply to the root system, with a 
switching of assimilate to support the first two foliage leaves (Fig. 5.30). 
Following the emergence and rapid growth of Leaf' 1, the calculated amount 
a 
of label exported from the fed cotyon to the shoot increased 12-fold from 
0.6 x 10' 	dpm at d23 (3 d after the emergence of Leaf' 1) to 9.7 x 10' 	dpm 
per cotyledon pair at d30 (10 d after emergence). 	Although this resulted 
in a decrease in the proportion of label exported to the root system from 
over 65% to 13%, the calculated amount of label imported by the root 
increased 4-Fold from 1.8 x 101 dpm to 7.1 x 101 dpm (Fig. 5.), due to the 
large increase in export capacity of the cotyledons over this period (Table 
5.2). 
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Hg. 5..3 The changing pattern or distribution of 'C 
labelled assimilate exported from the 
cotyledons (A) and Leaf 1 (B) between plant 
parts 24 h after reeding 7CO 
The arrows labelled L2. L3 etc. indicate the times of 
emergence of Leaves 2 and 3 etc. in the Cotyledon Feed 
experiment (A) and the Leaf Feed experiment (B). 
The horizontal arrow indicates the timing of the transition 
of Leaf 1 to net export of label between d36 and dLFO. 
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With the transition of Leaf 1 to net export of assimilate and the start of 
xylopodium formation between d30 and d40 (10 -20 d after the emergence of 
Leaf 1). the proportion of assimilate exported from the fed cotyledon to 
the root system increased again to just over 50% (Fig. 5.3), even though 
Leaf 2 was growing rapidly. However, the calculated amount of label 
imported by the root over this important period decreased slightly to 6.1 x 
101 dpm (Fig. 5.4), because of the now declining export capacity of the 
cotyledons (Table 5.2). The decrease in calculated supply to the root was, 
however, temporary, and as Leaf 2 approached maturity between d40 and d50, 
it increased to above the d30 value (Fig. 5.40). The maintenance of supply 
to the root was at the 'expense of supply to the shoot, which decreased 
rapidly after d30 to 2.3 x 10 dpm at d50, despite the emergence of Leaves 
3 and 4. The carbon for subsequent leaf growth must therefore come 
predominantly from exporting leaves. 
The strategy for the supply of assimilate from Leaf 1 was similar to that 
of the cotyledons (Fig. 5.3). Following the transition to net export of 
assimilate 20 d after emergence, the proportions of label exported to the 
root and shoot were almost identical to those of label exported from the 
fed cotyledon at similar times after the emergence of Leaf 1. Furthermore, 
the proportions' of label exported from Leaf 1 and the fed cotyledon to 
different regions of the plant were also similar (Fig. 5.3). A possible 
reason for the initial differences is described in 95.4. 
As the export capacity of the leaf increased, the calculated amounts of 
label exported to the root and the shoot increased, but that to the root at 
a greater rate than that to the shoot (Fig. 5.4b). 24 d after the emergence 
of Leaf 1, Leaves 3 and 4 had not emerged in all plants, but in those in 
which they had, the ratio of dpm in the root to dpm in the shoot was 1.12 
(se. ±0.42, n=3). This suggests that the supply of assimilate from Leaf 1 
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continues to be predominantly to the root system, with a thus limited 
supply For Further leaf growth. 
5..6 The partition of label within the root system between 
the main and lateral roots 
Of the label recovered from the root system in both the Cotyledon and Leaf 
Feed experiments, at least 60% was consistently found in the main root 
(Table 5.3). In the Cotyledon Feed experiment, the proportion recovered 
From the main root did not change significantly between d23 and d40, but 
may have initially decreased over the period of most rapid lateral root 
growth between d23 and d30. By d50, there had been a significant increase 
to a value of 87% (Table 5.3). In the Leaf Feed experiment, the proportion 
of label recovered from the root system found in the main root increased 
from 61% 8 d after the emergence of Leaf 1 to 71% 16 d after emergence, 
but then remained constant (Table 5.3). These figures are in general 
agreement with the overage partition coefficients for the main and lateral 
roots calculated From dry weight gains in a previous experiment (see Table 
3.8). 
Between d30 and d40, when the calculated amount of label imported by the 
root system From the cotyledons decreased (Fig. 5.4). the calculated supply 
of label to the main root was largely maintained at the expense of that to 
the lateral roots (Fig. 5.5). This further illustrates the dominance of 
main root growth over lateral root growth following the start of xylopodium 
formation. From d40. the import of additional label From Leaf 1 to the 
lateral roots partially offset the decrease in supply from the cotyledons 
(Fig. 5.5). By d50. the calculated amount of label imported by the main 
root from the cotyledons had increased substantially to above the d30 
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Tab! e 5. 3 The part i t I on of' ' 4C1 abel i nor ted by the root 
system from the cotyledons and Leaf' 1. between 
the main and lateral roots 
PLANT AGE 14C-LABEL RECOVERED FROM 
/days 	MAIN ROOT LATERAL ROOTS MAIN ROOT 	LATERAL ROOTS 
10 3 dpm 
Cotyledon Feed experiment 
23 87.5 44.8 a66.0 340 
(*66 22.38 13.87  
30 675.1 394.3 a61.5 38.5 
(±66 123.65 45.87 2.92 
2,921 
40 548.6 253.4 a70.0 30.0 
(±66 92.36 65.73 3.06. 3.06) 
50 935.2 82.4 b86.5 13.5 
(±SE 375.16 13.48 4.88 	'. 4.85) 
Leaf Feed experiment 
28 4.4 2.8 a61.3 38.7 
(*66 0.64 0.52 4.27 
4.27) 
36 6.9 2.8 ab71.4 28.6 
(*56 1.16 0.64 1.39 
40 61.0 11.47 b78.9 21.1 
(*66 31.44- 7.58 6.24 
5.24-) 
44 59.6 24.7 b74.5 25.5 
(*56 35.52 17.17 2.47 
2.47) 
Within each experiment, values of Percent of ' 4C-Label Recovered from 
Main Root with the some letter are not significantly different at 
pO.OS. LSD (p0.05. 3/16 df.) = 12.76% for the Cotyledon Feed 
experiment. LSD (p0.05. 3/16 dl.) = 10.98% for the Leaf Feed 
experiment. 
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value, whereas that imported by the lateral roots continued to decrease 
(Fig. 5.5). Therefore, a large proportion of the carbon required for growth 
of the xylopodium appears to be supplied from the cotyledons, though it 
would be expected with a progressively greater contribution from the 
leaves. In contrast, the carbon required for lateral root growth following 
the transition of Leaf 1 to net export, appears to be supplied mainly from 
the leaves with very little from the cotyledons. 
5-6-1 The partition of" label between Soluble. Starch and 
Residual Fractions 
Between d23 and d30, the 'specific activity of label (dpm mg fresh weight - ') 
imported from the cotyledons in all 3 fractions was between 2 - and 3-fold 
greater in the lateral roots than in the main root. (Fig. 5.6a,b). This is 
consistent with the relative growth rate of the lateral roots being greater 
than that of the main root over this period, resulting in an increase in 
the proportion of root system dry weight in the lateral roots (Fig. 3.13). 
After d30, the specific activity of label in the Soluble and Residual 
fractions decreased in both the main and lateral roots (Fig. 5.6a,b). The 
decline was greater in the lateral roots, as would be expected (see Fig. 
55) so that at d50, the specific activity of label imported From the 
cotyledons in these two fractions was about 2-fold greater in the main 
root. 
At d 1 O, the specific activities of label from Leaf 1 in the Soluble and 
Residual fractions in the main root were about 2-fold greater than that in 
the lateral roots, but by d4 both were about the some (Fig. 5.6c,d). The 
relatively greater increase in the specific activity of label from Leaf 1 in 
the lateral roots over this period further suggests that they may be 
supplied predominantly from the leaves (cf above). 
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Fig. 5.6 Changes with age in the speciFic activity of' 
' 4C labelled assimilate in the Soluble, Starch 
and Residual Frac t I ons I mpor ted by the main 
root/xylopodium and lateral roots From the 
cotyledons and LeaF 1 
and c), main root/xylopodium 
and d), lateral roots 
open symbols, label imported from the cotyledons 
closed symbols, label imported from Leaf 1 
o, Soluble Fraction 
D, Starch Fraction 
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After d30, the specific activity of label from the cotyledons in the lateral 
roots decreased in all fractions, whereas in the main root, although this 
was true of the Soluble and Residual fractions, that in the Starch fraction 
increased (Fig. 5.6a,b). The proportion of label imported by the main root 
from Leaf 1 partitioned into starch also increased with age and was greater 
than that in the lateral roots (Fig. 5.6c,d). However, at similar plant ages 
the proportion of label partitioned between the three fractions in the main 
root differed between experiments (eg. thO in Fig. 5.6a.c). 	This suggests 
that the way in which label entering the root was metaboliseci may have 
differed according to its source. 
The results confirm the increasing investment of dry weight in starch in 
the main root associated with xylopodium formation (3.5), and indicate 
that a similar accumulation does not occur, or does not occur to the same 
extent, in the lateral roots. 
5.7 The partition of 'C-labelled assimilate within the 
shoot 
5-7.1 The exchange f label between cotyledons 
At each harvest in the Cotyledon Feed experiment, a small proportion of 
exported label was recovered from the unfed cotyledon (Fig. 5.3). The 
calculated amounts of label were small and decreased with plant age (Table 
5.4A). Such exchange and import from leaves has been shown for apple (Li, 
Proctor & Murr, 1985) and Acer species (Ampof'o, P4o0(e, & Love.!!. 1976b,c). 
However, whether label is imported directly from the source organ as 
sucrose or indirectly from secondary sources such as roots as amino acids 
is not clear. 
5.7.2 The hypocotyl. stem and shoot apex 
Except at d23 in the Cotyledon Feed experiment, the proportions of label 
exported from the fed cotyledon and from Leaf 1 recovered from the 
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hypocotyl, stem and shoot apex (here collectively treated as the hypocotyl) 
were similar, and remained at between 7 and 14/ (Fig. 5.3). The calculated 
amount of label exported from the cotyledons to the hypocotyl decreased 
after d30 when elongation of the hypocotyl was complete (Table 5.46; Fig. 
4.5). However, the hypocotyl and stem continued to increase in dry weight 
(Fig. 4.5) and the apex to produce leaves, and the calculated amount of 
label imported from Leaf 1 increased, thereby partially offsetting the 
decrease in supply from the cotyledons (Table 5.413). 
5.7- 3 Leaf 2 and subsequent: /eaves 
During rapid expansion (see Fig. 4.9), Leaf 2 imported 35% of the label 
exported from the fed cotyledon; similar to the proportion previously 
imported by Leaf 1 when it was rapidly expanding (Fig. 5.3). However, the 
maximum calculated amount of label imported was much less (Table 5.1+C ; Fig. 
5.2) as a result of the declining export capacity of the cotyledons and the 
declining amount of label exported to the shoot (Figs. 5.1b & 5.4). Leaf 2 
also received a large proportion of label exported from Leaf 1 following 
its transition to net export (Fig. 5.3), although the calculated amounts of 
label imported were small (Table 5.4C). 
Leaves 3 and 4 imported much smaller proportions and thus smaller 
calculated amour'its of label from the fed cotyledon than Leaves 1 and 2 at 
similar times after emergence (Fig. 5.3; Fig. 5.2; Table 5.4C,D.E). However, 
the calculated amount of label imported by Leaf 4 9 d after emergence was 
more than 5 times that imported by Leaf 3 16 d after emergence (Table 
5.4D,E). The initially faster expansion of Leaf 4 following emergence 
compared to Leaf 3 (Table 4.4) may therefore be due to a greater supply of 
assimilate during the early stages of unfolding, at least from the 
cotyledons. 
Table 5,4 Calculated amounts of ' 4C label imported by the 
cotyledons, hypocotyl. and Leaves 2. 3 and 4 from 
the cotyledons and Leaf 1 
Calculated amount of label exchanged between the fed and unfed 
cotyledons, and the amount of label imported by the cotyledons from 
Leaf 1 
PLANT AGE 	AMOUNT OF LABEL EXCHANGED 	AMOUNT OF LABEL IMPORTED 
/days 	BETWEEN COTYLEDONS /10 dpm FROM LEAF 1 /10 6 dpm 
23 0.20 (0.078) 
28 0.02 (0.006) 
30 0.20 (0.020) 
36 0.0 1+ (0.013) 
40 0.15 (0.014) 0.06 (0.019) 
44 0.10 (0:029) 
50 0.13 (0.022) 
Calculated amounts of label imported by the hypocotyl from the 
cotyledons and Leaf 1 
PLANT AGE 	 AMOUNT OF LABEL (10 dpm) IMPORTED FROM 
/days 	 COTYLEDONS 	 LEAF 1 
23 0.81 (0.276) 
28 - 
30 1.50 (0.387) 
36 0.01 	(0.002) 
40 1.07 (0.199) 	 0.08 (0.034) 
44 0.20 	(0.125) 
50 0.72 (0.165) 
Calculated amounts of label imported by Leaf' 2 from the cotyledons 
and Leaf 1 
PLANT AGE 	 AMOUNT OF LABEL (10 6 dpm) IMPORTED FROM 
/days 	 COTYLEDONS 	 LEAF 1 
30 	 C 31 0.89 (0.304) 
36 C 71 0.02 (0.006) 
40 	 [13] 4.42 (1.748) 	[11] 0.23 (0.100) 
44 [15] 0.24 (0.113) 
50 	 [23] 0.27 (0.020) 
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Table 5.4 contd 
Calculated amounts of label imported by Leaf 3 From the cotyledons 
and Leaf 1 
PLANT AGE 	 AMOUNT OF LABEL (10 dpm) IMPORTED FROM 
	
/days 	 COTYLEDONS 	 LEAF 1 
40 	 [ 33 0.10 (;n=1) 
44 [ 71 0.11 (0.056;n3) 
50 	 [16] 0.16 (0.070) 
Calculated amounts of label imported by Leaf 4 from the cotyledons 
and Leaf' 1 
PLANT AGE 
	
AMOUNT OF LABEL (10 dpm) IMPORTED FROM 
/days 
	 COTYLEDONS 	 LEAF 1 
44 
	
[ -] 0.01 (0.004;n2) 
50 [ 93 1.01 (0.846) 	. 
Values are means (n5 unless otherwise stated) with standard errors in 
brackets. In C), 0) and E) the figures in square brackets are leaf' ages 
in days From emergence (see Fig. 5.3). 
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The supply of label from Leaf 1 to these leaves was more difficult to 
examine as they were not present in all plants. However, the calculated 
amounts of label imported by Leaf 3 from Leaf 1 appeared to be as great as 
those imported from the cotyledons (if an allowance is made for leaf age) 
(Table 5.4C). The combined quantities of label, however, were still less 
than those imported by Leaf 4. There is a suggestion, therefore, that 
different leaves may receive most of the assimilate required for their early 
growth from different sources, and that this may explain the observed 
'periodic' pattern of leaf expansion (Fig. .9). The contribution of Leaf' 2 
to the growth of these leaves is still to be measured. 
5-8 Di scussi on 
In this section the potential effects of the high cohcentration of CO in 
the feeding system are discussed before the main discussion of the project 
in the following chapter. 
Some rise in CO concentration above ambient is inevitable when"CO2 is 
released from labelled and carrier bicarbonate into a closed system. The 
increase can be minimised by using a large system volume and small amounts 
of bicarbonate, although this may result in incomplete mixing of labelled 
and cold CO2 and heterogeneous labelling, or eliminated by using a 
pressurised gas. cylinder of `CO-_z in air at ambient concentration. The 
latter option would be used of preference in photosynthetic studies, because 
an increased concentration of CO::.. is likely to have multiple effects on Ps. 
Principally, these will be an increase in Ps as a result of an increase in 
the internal CO2 concentration of the leaf (Larcher, 1980), and a decrease 
as a result of a decrease in stomatal conductance to CO2 (Nobel, 1983). 
In this work, the net effect of the increased CO2 concentration on Ps in 
the cotyledons and leaves may not have been the same. Estimates of Ps for 
the cotyledons obtained here are about twice those obtained from growth 
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analysis data (4.2.1). The additional run with three 40 d old plants 
indicated that the rate of Ps of Leaf 1 in the main experiment may have 
been underestimated by at least a factor of 3. Since the stomata I 
frequency of the adaxial leaf surface was half that of the abaxial surface 
(4.5.4), and since odaxial stomata appeared to be more sensitive to stress 
than abaxiol stomata, true rates of Ps in Leaf 1 are likely to have been 
greater than values obtained here. Furthermore, the values for Ps obtained 
here will be lower than those obtained with an IRGA. because, as with 
estimates from growth analysis data (2.5.3.2) they account for respiratory 
carbon lasses during the 24 h period following feeding. In Acer species 
this could be up to 40% (Ampofo. Moore. & Lov&I1 1976b). 
Estimates of photosynthetic rate obtained here should therefore be 
interpreted with these considerations in mind. An extensive investigation 
of the photosynthetic properties of leaves and cotyledons using an infra 
red gas analyser are needed and will be of particular interest. 
The interpretation of patterns of distribution of labelled assimilate are 
less affected by considerations of CO= concentration (eg. Hel lmeier & whale. 
1986), but an important aspect of the results is the timing of the 
transition of Leaf' 1 to net export of assimilate. However, even if Ps in 
the cotyledons has been overestimated 2 -fold and that in Leaf 1 
underestimated by between 3 and 6-fold, the transition of Leaf 1 from net 
import to net export would still have occurred between 16 and 20 d after 
emergence. 
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6 DISCUSSION AND CONCLUSIONS: CR1 TI CA L FACTORS IN AND 
ADAPTATIONS FACILITATING K. coriacea SEEDLING 
ESTABLISHMENT IN THE CERRADO 
This project has been concerned with features of seedling growth in the 
tree species K. coriacea which might be expected to facilitate establishment 
in the Cerrado. In deciduous tree seedlings, survival from one growing 
season to the next is ensured by the stem-root system (Tateno & Watanabe, 
1988). Therefore, xylopodium formation is arguably the most important 
feature of development in K. coriacea, and this has been the central theme 
of the study. The major findings and conclusions, summarised in Fig. 6.1, 
are now presented. Each feature examined can be thought of as bearing on 
one or more of the processes of dry weight production, dry weight 
partitioning and xylopodtum formation. These three processes are 
I- 
hierhical, and are considered in order below. 
6-1 Dry weight production 
6.1..1 Seedling growth rates 
The slow growth rates of both Ce - and field-grown seedlings are typical of 
woody Cerrado species (Ri zz i ni, 1965). Qualea grandifloro, another Cerr ado 
tree species, grew even more slowly than K. coriacea in almost identical 
controlled environments (Table 6.1) (Felippe & Dale, in press). The maximum 
relative growth rate of field-grown seedlings of K. coriacea found by 
Arosaki (1988) was 0.023 d 1 , slightly greater than found here (Table 6.1), 
but this may have been because Arasaki germinated seeds with the testa 
intact; seedlings were therefore handled less and were not affected by 
damping off as were some of the seedlings in this work. Comparisons with 
non-Cerrado woody species are difficult to interpret, since experiments are 
generally done under a wide range of conditions, and estimates of R from 
plants in the field are scarce. Nevertheless, values of P for ce-grown 
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Fig. 6.1 Diqjcn minorisirg how the major findings of this project may 
relate to one another in K. corkx'ea seedling growth and 
development in the context of estthl islinent in the Cerrado 
The relation or each feature or adaptation to the three 
hierarchical processes of dry weight production, dry weight 
partitioning between root and shoot and xylopodium formation is 
shown. A plus sign indicates a potential adoptive effect of the 
feature on the process concerned, a minus sign a potential 
limitation. 
Germination time, 
Large cotyledons in seed, Mineral 
nutrient storage capacity may be 
A important as storage of 
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Epigeal germination. 
Cotyledons develop into large 
leaf-like organs, 
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is maximised within the constraints 
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maximised by complete lack 
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Rooting medium Source 
K. 	coriacea 0.014 30 - 50 50% full sunlight - - Cerrado soil 
0.035 20 - 100 350 13 1b. 30/20 Sand/peat 
0.023 30 - 180 50% 	full sunlight - - Cerrado soil a 
Qua! ca grand/Flora 0.036 29 - 50 350 12 30/20 Sand b 
Khaya senegal ensis 0.026 59 - 119 1.0% 	full sunlight - 33/26 John Innes #2 c 
K. 	senegolensis 0.071 21 - 1+0 1.00 12 30/25 Peat compost d 
K. 	i'orensis 0.027 59 119 1+0% 	lull sunlight - 33/26 John Innes #2 c 
rermi tic/ ia iorensis 0.086 21 - 1+0 1.00 12 30/25 Peat compost d 
Cord/a niegalantha 0.003 0 - 237 low" - •24.5c Tropical 	forest e 
0.007 0 237 medium : 
0.011 0 - 237 high 
day/night or maximum/minimum; 	refers to gap size in tropical rain forest; ' mean annual temperature 
Sources: a. Arasaki, 1988; b. Fellipe & Dale, in press; 	c. Okaui & Dodoo 1973; 	d. Kwesiga & Grace, 1986 
e. Bongers. Popma & In ate-Vi var. 1988 
Table 6.2 Seedling relative growth rates of some 
temperate herbaceous and woody angiosperms and 
gymnosperms (Data taken from Grime and Hunt, 1975). 
Species R /wk 
K. 	coriacea 0.10 (Field-grown) 
0.16 (Fl el d-grown) 
0.25 (ce-grown) 
Acer pseudoplatanus 0.34k' 
Cal'una vu/garis 0.35 
Picea abies 0.33 
P. 	nigra ssp. 	Iaricio 0.29 
P. 	sichensis 0.22 
Vaccinhum viHs-idaea 0.23 
Anthrifcus sylvestris 0.52' 
Heracleum 	phondyliurn 0.58' 
-: 
Urtica dioica 2.20 
Arasaki, 1988: t  all species examined by Grime & Hunt with R<0.35 
wk-- ' are listed; 	rosette biennial species; 	maximum observed 
value of P 
Plants were grown in sand supplied with a nutrient solution in an 
18 In photoperiod with a 20/15C day/night temperature regime and 
38.0 V m visible radiation. 
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seedlings are similar to those of several tropical forest hardwood species 
and the slowest growing temperate shrub and tree species examined by Grime 
and Hunt (1975) (Table 6.2). The woody Cerrado flora is therefore probably 
typified by slow rates of seedling growth, but whether these are 
exceptionally low rates for woody plants as a whole needs further work. 
Grime and Hunt's work demonstrated that stable, unproductive habitats tend 
to be colonised by species with a low "maximum potential relative growth-
rate" (Rr:). The apparently low inherent growth rate of seedlings of 
K. coriacea and other Cerrado species is consistent with this, as is the 
paucity of annual species in Cerrado (1.4.1), which tend to have high R.. 
(Grime & Hunt, 1975). The competitive ability of "stress-tolerant" species 
with low 	in, for example, nutrient deficient or heavily shaded 
habitats, over species with greater R1, was attributed to the low demand 
they make on local resources, inherently low rates of respiration, low rates 
of incorporation of assimilate into structural components thus allowing the 
accumulation of reserve compounds, and the extended life-span of individual 
leaves and roots. The last two features have been demonstrated for 
K. coriacea seedlings in this work, but the first two remain to be 
investigated. 
Grime and Hunt also demonstrated an association between Rn: and seedling 
morphology. They found that most of the slow growing herbaceous species 
they studied, such as Lotus corniculatus, once established in the field, 
develop long, often swollen, tap-root systems. Furthermore, they suggested 
that the low 	of the rosette biennials Heracleum sphoncly(ium and 
Anth4us sylvestris (see Table 6.2). which become established in habitats 
otherwise dominated by species of high 	is attributable to the 
translocation of photosynthate into a swollen root stock, a process which 
appeared to coincide with the appearance of the first leaf. The 
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predominant supply of assimilate to the top root of a rosette biennial 
during the first year of growth has been demonstrated in ArcLium 
tomentosum (Heilmeier and Whale. 1986). Clearly, the early growth of 
K. coriocea seedlings is similar in a number of respects to that of rosette 





 ces in growth rate between ce- and Field-grown 
seedlings and possible reasons For these 
Up to d1Q/d12, conditions for germination and early growth were similar for 
field- and ce-grown seedlings (see Ch.2), and similarities over this period 
are not surprising. However, the continuing similarity up to d30 despite 
environmental differences, suggests that processes concerned with growth 
and development over this initial period may be largely independent of the 
environment for metabolites and mineral nutrients, and relatively 
insensitive to environmental conditions. This could largely be due to 
reserve compounds and mineral nutrients stored in the cotyledons (see 
§6.1.3.1 below). 
Qualitative differences in the pattern of seedling development were 
minimised by choosing conditions of photoperiod and temperature for ce 
studies similar to those of typical summer conditions in Cerrado (Ratter et 
at, 1973). However, as might be expected (Thorne, 1982), quantitative 
differences became apparent, and ce-grown seedlings grew on average 3-times 
more quickly than field-grown seedlings. Likely environmental factors 
responsible for these differences are irradiance, nutrient supply and 
temperature. 
Assuming full tropical sunlight to be about 2000 jiniol m 	s 	(Pearcy, 
1987), field-grown seedlings, though shaded by 3050% to mimic the effect 
-169- 
of tussock grosses and woody plants in Cerrado vegetation (Ch.2), probably 
received a peak irradiance of more than 2 -Fold that received by ce -grown 
seedlings. However, values of photosynthetically active radiation incident 
on field-grown seedlings in Arosaki (1988) integrated over the whole 
photoperiod give an irradiance of 11.1 mol nr 2 d, while ce-grown plants 
recieved 15.4 niol m 	d" (see Ch.2). Differences in the total irradiance 
received by both sets of seedlings may not, therefore, have been very great:, 
and would have been largely dependent on cloud cover and dawn/dusk 
diminutions in the field. 
Increased growth rates, higher values of ULR and higher estimates of 
photosynthetic rate (+.2) in ce-grown seedlings are, therefore, more likely 
to have been a result of increased nutrient supply, since even 1/10 
strength Hoagland's solution supplies nutrients in excess of amounts found 
in typical soils (Salisbury & Ross, 1978). Leaf' nitrogen concentration is 
often correlated with photosynthetic rate (eg. Hirose, 1987). whilst an 
adequate supply of phosphorous is essential for photosynthesis, and of 
mineral nutrients for protein synthesis and enzyme activity (Salisbury & 
Ross, 1978). The effect on growth rates of differences in daily average 
temperature (likely to have been greater for ce-grown seedlings at least 
initially, since early summer night temperatures in the Cerrodo con be much 
lower than the 20T used here) is not clear, because the temperature 
dependencies of photosynthesis and respiration in K. coraicea are unknown. 
6.1..3 Leaf area ratio and unit leaf rate: the production of 
photosynthetic area by and photosynthetic capacity of 
K. con ocea seed! i ngs 
The production of dry weight is dependent on the assimilatory capacity of 
the leaves and on the proportion of dry weight allocated to their 
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production (le. LAP). Of the two. LAP is generally considered to be the 
more important in determining overall productivity (Gifford, Thorne, Hoitz & 
Giaquinto, 1984). Although initial differences in growth rate between Ce-
and field-grown seedlings appeared to be due more to differences in ULR 
than in LAP 	 LAP will be considered first. Following germination, 
the initial increase in LAP (4.2.1) is due to expansion of the cotyledons. 
The large size and development of the cotyledons to become long - lived, 
robust, leaf - like organs appears to be one of the most important 
adaptations in seedling growth maximising carbon gain (Fig. 6:1). 
6..1..31 The cotyledons 
Initially, the cotyledons support growth during the long period before the 
transition of the first leaf to net export of assimilate (see §6.1.4). 
During this time they are the major source of assimilate, first from 
mobilised reserves and then from photosynthesis (Fig. 6.1), for main root 
growth, the earliest stages of xylopodium formation, the initial 
establishment of the lateral root system and the initial growth of the 
first two foliage leaves. 
More than 50% of the dry weight of the seed has been shown to consist of 
storage compounds; 35% oil and 20% protein (Dionello, 1978). Dionello has 
also shown that seeds consist of 3% N, 1% Ca, 0.5% P and 0.25% K. 
Cotyledonary stores of mineral nutrients could be particularly important 
for early seedling growth in dystrophic Cerrodo soils. Seeds of 
0. grandiFfora contain a similar proportion of P to those of K. coriacea, 
and experiments with ce-grown seedlings showed that growth and development 
were insensitive to nutrient supply. particularly of P, for 50 days after 
germination (Felippe & Dale, in press). 
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Structural leaf - like characteristics of the expanded cotyledons include a 
differentiated palisade and mesophyll (4.5.2). and stomata in both adaxial 
and abaxial surfaces (1 . 5.4). Data for stomatal frequency and size in 
cotyledons are few, but in K. coriacea, frequencies in both surfaces appear 
to be low and are similar to those in Acer negundo (Table 6.3). Stomatol 
frequency in the cotyledons is similar to that in the leaves, further 
emphasising their leaf-like character, since frequency may generally be 
greater in leaves than in cotyledons (of. A. negundo. A. pIaanoides with A. 
saccharum, and cf. H. an)ws in Table 6.3). 
In contrast to species of Acer and Fagus. for example, in which the 
cotyledons abscise a few weeks after full expansion of the first leaves 
(Ampofo. Moore & Lovell, 1976o), the extreme longevity of the cotyledons 
suggests that they may continue to make a significant contribution to the 
carbon budget of seedlings following the establishment of the first leaf as 
a source of assimilate, since in the field they appear to account for at 
least 50% of the total transpiring/photosynthetic surface for most of the 
growing season (Arasaki, 1988) (Fig. 6.1). In temperate woody species. 
cotyledonary Ps increases to a maximum and then declines following full 
expansion of the first leaves (Ampofo. Moor & LtweLt, 1976c). 
Preliminary estimates of cotyledonary Ps indicated that this could be at 
least as high as in the leaves (4.2.1 & 85.2). In 50 d old ce -grown 
seedlings, the continuing functional capacity of the cotyledons was 
indicated by the similarity of their water vapour, and by ossumptionCO2 
exchange characteristics to those of the leaves (84.5.5.1). Direct 
measurements of these characteristics are needed in cotyledons over the 
course of the wet season to confirm this. 
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Table 6.3 Stomatal frequency and dimensions in leaves 
and cotyledons of a range of herbaceous and 
woody angiosperms and gymnosperms from 
tropical and temperate regions 






K. 	coriacea 22 14 31 
Helianthus annuus 120 175 32 a 
Xanthi urn pennsylvanicum 177 173 39 a 
Vicia Faba 65 75 46 a 
Sedum spectabi is 28 35 '33 a 
Corylus americanum 0 347 '37 a 
Quercus vJutina 0 405 50 a 
Q. 	tri/oba 0 1192 
Tilia americana 0 891 26 a 
T. 	europa 0 370 12 a 
Pinus sy/vestris 120 120 •28 a 
Larix dcci duo 14 16 42 a 
Acer saccharurn 0 504 	. 15 b 
Fr ax! nus americana 0 118 27 b 
Citrus mitis 0 596 19 b 
Theobroma cacao 0 721 6 c 
Hevea bras! liens! s 0 410 10 c 
Agave desert! 32 30 27 d 
Eucalyptus pauciflOra 114-177 114-177 - e 
Cordia me.galantha 0 82-185 14-17 F 
B) Cotyledons 
K. coriacea 	 34 	30 	33 
Lupinus angustifolius 	 181 72 - g 
Helianthus annuus 	 82 	71 	- g 
Cucurnis sat!vus 113 429 - 	 g 
Acer platanoides 	 0 	52 	- h 
A. negundo 	 27 39 - 	 h 
Sources: a. Willmer. 1983: 	b. Davies & Kozlowski, 1974: 	c. Sena 
Comes & Kozlowski, 1988; d. Nobel 	1976; e. Körner & Cochrane, 
1985; f. Bongers. Popma & Iriate-Vivar. 1988; 9. Lovell & Moore. 
1970; 	h. Ampofo. Moore & Lovel I , 1976a. 
* stomatat pore length. 
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Since much of the assimilate and mineral nutrient capital required for 
cotyledon development comes From the parent plant, their high degree of 
leaf-like character and their extended life-span represents an extremely 
efficient use of resources. Experiments to examine the effect of cotyledon 
removal or functional impairment on seedling growth and xylopodium 
formation would be of particular interest. 
6.1.3.2 The leaves 
LAR continues to increase as the leaves begin to expand. Hbwever, rates of 
leaf initiation (.4.3.1) and lamina expansion (+.4.3.2) are slow. 
particularly under field conditions, a common feature of the growth of 
woody Cerrado species (Rizzini. 1965). The absence of leaf prirnordia in 
seeds of K. coriacea must be an initial Factor in the slow production of 
leaves, presumably delaying the emergence of the first leaf for at least the 
length of the plastochron (Fig. 6.1). As plants age, a general feature of 
growth in many species is that the ratio of photosynthetic area to 
respiring tissue (i.e. LAR) tends to decrease, with the potential result that 
relative growth rate decreases (Evans, 1972). Differences in LAP between 
field-  and ce-grown seedlings were not statistically significant up to 
d50/d52. but since R/S is greater in larger Field-grown seedlings than in 
comparable ce-grown ones (4.3). the ontogenetic decrease in LAR will be 
greater, since values of SLA (not shown) were similar for Ce - and field-
grown seedlings, and thus any decrease in relative growth rate also greater, 
under field conditions. 
In ce-grown seedlings the plastochron and apparent plastocfron 
(phyllochron) remained constant at about 8 and 10 days respectively up to 
d75 (.4.3.1). A constant plastochron and phyllochron are not unusual when 
species are grown in a constant environment, at least over short periods 
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(Dole & Mi lthorpe. 1983). It is also common to find the phyl lochron longer 
than the plostochron, so that primordia accumulate at the shoot apex (Dale 
& Mi Ithorpe. 1983; eg. in pea (Lyndon. 1977) and Agropyron repens (Rogan & 
Smith, 1975)). Leaf emergence in the field was much slower and it was not 
clear whether the plostochron and phyllochron were also constant. However, 
the phyltochron was estimated to be 55 d (4.4.3.1), indicating that between 
3.and 4 leaves only would be expected to emerge over a full growing season, 
and this was confirmed by Arasaki (1988). There were also large 
differences between ce- and field grown seedlings in the rates of lamina 
expansion and probably in final leaf sizes. Average rates of lamina 
expansion in field-grown seedlings were less than one tenth of those of ce-
grown ones (4.4.3.2), and in these plants the total leaf area produced over 
the entire season does not appear to exceed that of the fully expanded 
cotyledons (Arasaki, 1988). 
Higher rates of primordium initiation, leaf emergence. lamina expansion and 
greater final leaf size in ce-grown seedlings could all have been due to 
effects of greater mineral nutrient supply (Gallagher, 1985). There is 
little information about direct effects of mineral nutrients at the shoot 
apex and on leaf growth (Gallagher, 1985). but Trewavos (1983) has argued 
that nitrate can be considered as a plant hormone and as such can regulate 
development directly. Alternatively, there may have been indirect effects 
as a result of differences in assimilate supply (Dole & Milthorpe, 1983). 
In the field, where growth is slower, low concentrations of assimilate at 
the shoot apex as a result of competition from the root system could limit 
the initiation and growth of leaves in these plants (Felippe & Dale, 1973). 
At least 50% of assimilate exported from the cotyledons goes to the root 
system, even during the period of establishment of Leaves 1 and 2 when 
assimilate is switched away from the root (5.5), and subsequently, a 
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similarly high proportion of assimilate exported from Leaf 1 also goes to 
the root system. Alternatively, primordial intiation and growth could 
depend more on rates of carbohydrate utilisation at the apex rather than 
supply (Cottrell & Dale. 1986). 
An experiment was done to examine the effects of added nutrients on field-
grown plants. in 18-month old plants (grown as described in Arasaki 
(1988) and having passed through two cycles of leaf abscission) were each 
given 250 cm3  double strength Hoagland's solution and 10 plants maintained 
as controls given 250 cm 3  water. Plants were subsequently watered every 
day and harvested 20 days later. There were no significant differences in 
plant fresh or dry weight or in the weights of plants parts, but plants 
given nutrients had almost 1 leaf more than controls (Table6.). The 
number of expanding leaves was significantly greater and the number of 
leaves visible by eye at the apex yet to begin to expand, significantly 
fewer in plants given nutrients (Table 6.1). This shows that additional 
nutrients stimulate leaf growth and possibly production in field-grown 
plants, and further demonstrates that seedling growth under these 
conditions appears to be nutrient limited. 
Water supply can also have large effects on leaf growth, but water stress 
should have been eliminated by the watering regimes used in both studies 
02.3 & 	Nevertheless, evaporative demand can be high in the Cerrado 
and transient tissue water deficits could develop. Whether such stresses 
occur under the conditions of the field experiments remains to be shown. 
Even small decreases in soil and leaf water potential, not sufficient to 
cause visible wilting, can depress leaf initiation and final leaf number 
(Marc & Palmer, 1976), and can have large effects on lamina expansion 
(Dale, 1983). Such effects of water stress could be important for plants 
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Tab! e 6. 4 Numbers oF expanded, expanding and unexpanded 
leaves in control and treated 18 month old 
Field-grown plants of K. coriacea 
Treated plants were given 250 cm double strength 
Hoagland's solution and control plants 250 cm distilled 
water. 	All plants were then watered daily with tap water 
and examined 20 d I ater. 
Leaf type 	 Number- of leaves 
Treated plants 	 Control plants 
Expanded 1+.1 (±0.16) 4•3 (±0.37) 	ns 
Expanding 3.1. (±0.50) 1.1+ (±0. 1+5) * 
Unexpanded .1. 2 (-+0.13) 1.9 (±0.28) 	* 
(Visible by eye 
at apex) 
Total 	leaf 8.1+ (±0.60) 74(±0.69) 
Values are means (n10) ±se. 
ns, not significant; 	, significant at p<0.05. 
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growing in the Cerrado, where the soil can dry to the permanent wilting 
point even during the wet season (Rawitscher, 1948; Goedert, 1983). 
Atmospheric humidity can also affect leaf expansion (Dale, 1988) and 
stomatal movements (Körner & Cochrane, 1985; Kaufmann, 1982). Thus vapour 
concentration differences between leaf and air can potentially have 
important effects on photosynthesis and growth independently of shoot 
water potential (Willmer. 1983). Values of RH for seedlings under field and 
ce conditions appeared to be similar (Ch.2), but since a small difference 
may elicit a large response, this factor cannot be ruled out in having 
contributed to differences in growth. 
Finally, the temperature regime used in ce studies may have been more 
nearly optimal for leaf initiation than conditions in the field, where night 
temperatures in spring can be much lower than the 20C used here (Arasaki, 
1988), and could depress initiation rates (Dale & Milthorpe, 1983). If this 
were so, the effect should be less for seedlings growing in more northerly 
areas of Cerrado where night temperatures do not fall so low. Effects of 
temperature on leaf expansion are complicated and can be modified by 
irradiance (Rawson & Dunstone, 1986). Such effects are uninvestigated in 
K. coraicea. 
6.1.4 The transition of Leaf 1 from net import to net 
export of assimilate 
An important event in the development of the assimilatory capacity of 
seedlings related to lamina expansion is the transition of Leaf 1 from net 
import to net export of assimilate. Even allowing for uncertainties in the 
estimation of the timing of this event, it appeared to occur at between 25 
and 60% of full expansion when ce-grown seedlings were between 36 and 40 d 
old (5.4). Thus seedling growth is dependent for assimilate solely on the 
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cotyledons for a considerable time Following germination. In temperate tree 
species this period is generally much shorter than the 10 d (longer in the 
Field) found here (Ampofo, Moore & Lovell, 1976c). 
The degree of lamina expansion at the transition to net export agrees with 
leaf sizes found by a number of authors for both herbaceous and woody 
species. Dickson and Shive (1982) Found that in Populus deltoides the 
transition to net export occurred when the lamina was O% fully expanded, 
whilst Giaquinto (1978) found a similar figure For sugar beet. Turgeon and 
Webb (1973) Found translocation from Cucurbia pepo leaves at 35% of Full 
size. In the field the longer duration of expansion of Leaf 1, but probably 
smaller Final size, make it difficult to predict when the transition occurs 
under these conditions. However, in ce-grown seedlings the transition of 
Leaf 1 to net export coincides with initial swelling of the xylopodium 
(5.4), and this does not occur until between d50 and d70 in field-grown 
seedlings (3.9). Therefore, in the Cerrado the period during which 
seedling growth is dependent solely on the cotyledons may be considerable. 
6.1.5 Photosynthetic rates 
Values of Ps for cotyledons and leaves estimated from growth analysis data 
were similar to those calculated in the same way by Felippe and Dale (in 
press) For 0. grondiflora. They were also similar to those measured in the 
field by Johnson, Franco and Caldas (1983) For the Cerrado shrub Ouratea 
hexaspermo, but less than half those measured in some other Cerr'odo trees 
(Table 6.5). A few direct measurements of Ps made with an IRGA were of the 
some order as previous estimates, but these were made outside of the 
controlled environment room at a lower temperature and RH, and more work 
on this aspect of seedling growth is required. In general, the values of Ps 
obtained here for ce- and particularly For field-grown seedlings were at 
the lower end of the range reported for other Cerrodo, savanna and tropical 
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Table 6. 5 Rates of photosynthesis (Ps) in some savanna 
and -tropical forest species 
Species 	 Habitat - / 	Ps 	 Notes Source 
Locati on' / mgC0 dm h 1 
K. 	coriacea C/I 
Qualea grandif'Iora C/I 
Our'atea hexasperma C/f 
Di dymopanax macrocarpum C/f 
Curate! ía americana C/I 
Byrsonima crassi Folio C/I 
Ochna pulcra S/I 
Burkea africana 5/I 
Hyptis emoryf 0/f' 
Khaya senega/ensis 	IF/I 
Trip! ochiton scieroxylon TF/I 
Castanospermum ausfra-/e IF/f 
Argyrodendron peralatum TF/f 
Socratea durissi ma IF/f 
Scheelea zonensis 	IF/f 
1 -6 
3.0-6.8 i 	a 
6.0-6.6 ii b 
24 ii 	b 
16.8 ii c 
18.6 ii 	c 
54 iii d 
14.4 . iii 	d 
10.1 (shade leaf) iv e 
20.8 (sun 	leaf') 
6.3 v 	£ 
14.3 v £ 
7.9 vi 	g 
15.8 vi g 
1.8 (shade grown) vii 	h 
5.2 (sun grown) 
2.6 (shade grlown) vii 	h 
9.1 (sun grown) 
C - Cerrado; S - savanna; TF - tropical forest; 0 - desert 
' field (F) or laboratory (I) measurement 
Notes: 	i. calculated for seedlings from dry weight and leaf' area 
data; ii. adult plants; 	iii. adult plants from the Nylsvley 
savanna, S. Africa; 	iv. adult plants of xerophytic shrub; 	v. 
seedlings; 	vi. adult plants of evergreen Australian species; 	vii. 
adult tropical palms. 
Sources: a. Fel i ppe & Dole, in press; b. Johnson, Franco & Cal dos, 
1983; c. Medina, 1982; d. Cresswell et of, 1982; e. Nobel. 1976; 
F. Kwesiga, Grace & Sandford, 1986; g. Pearcy. 1987; h. Hogan, 1988 
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Forest tree species (Table 65). Low rates of seedling growth in this 
species, therefore, would appear to be associated with low rates of 
photosynthesis as well as the slow production of photosynthetic area. 
6-2 Xeroinorphy in woody Cerrado spec I es 
A number of features examined during this project indicated that seedlings 
are adapted to survive periods of water shortage. These include 
a. 
conside(ble deposits of epicuticular wax, Tow stomatal frequency, modified 
stomatol structure, low maximum leaf conductances to water vapour and high 
R/S 
6.2.1 Surface characteristics 
The cuticle and epicuticular waxes of field-grown seedlings 'are likely to be 
qualitatively similar to but probably thicker than, those of ce-grown 
seedlings (Juniper & Jeffree, 1983). Experimental work is needed to 
determine the functions and adaptive value of the cuticle and epicuticular 
waxes in K. coriacea, but the reduction of transpirationol water loss from 
leaves is often attributed to these structures. (Although it is reported 
that cuticular transpiration in many Cerrado trees is high, there is 
uncertainty about the degree of stomatal closure when these measurements 
were made (Medina, 1983)). Also of importance may be the contribution made 
by the cuticle and epicuticulor wax to stomatal structure. 
6.2.2 Stomatal structure, frequency and size 
Cuticular modifications of basic stomatal structure are not uncommon 
(Juniper & Jeff ree, 1983). A similar stomatal structure to that Found here 
occurs also in Eucalyptus pcuciuIora Sieb. ex Spreng which in its natural 
habitat may experience drought (Körner & Cochrane, 1985). Such structures 
increase the diffusive resistance of stomata, and are considered to be 
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important in ensuring an optimum balance between water vapour efflux and 
CO2 influx (see 96.2.). This is achieved since a small increase in the 
diffusive resistance of the stomata reduces transpiration more than it 
reduces CO2 absorption, since this is already limited by the higher liquid 
phase resistance to CO2. diffusion of mesophyll cells (Nobel, 1983). 
Cuticular structures and epicuticular waxes may also be important in 
preventing excessive desiccation of guard cells (Sena 6omes & Kozlowski, 
1988). The occurrehce of wax platelets on internal walls of leaf' guard 
cells (+.5.3), suggests that they may be particularly well prAotected  From 
drying. 
K. coriaceci is unusual amongst broadleaf' angiosperms of both tropical and 
temperate regions in having stomata in the adaxial as well as the abaxial 
leaf' surface (Table 6.3), and within the genus is one of only 5 species 
(11%) with this characteristic (Saddi, 1982). In general it would appear 
that stoniatal frequency in ce-grown seedlings is very much lower than in 
other tropical and temperate trees, being comparable instead with succulent 
species of dry habitats such as Agave deserti (Table 6.3). Leaf' guard cell 
length, which varies less between species than stomata[ frequency, is within 
the range shown in Table 6.3. 
6.2- 3 Internal structure 
The internal structure of both leaves and cotyledons is that of a typical 
dicotyledon (.5.2) (Jeffree, Read, Smith & Dale, 1987). Features such as 
sunken stomata, multi layered epidermes, hypodermes, and poor differentiation 
of palisade and mesophyll typical of strongly xeromorphicolly adapted 
plants were not present, but the margin of ochlorophyllous cells in leaves 
and the surface and stomatol characteristics discussed above, indicate that 
leaves are moderately xeromorphic. 
-182- 
6-2-4 The water vapour exchange characteristics of' 
cotyledons and leaves 
The diurnal unirnodal course of transpiration in 50 d old ce -grown 
seedlings, mirrored by changes in the diffusive resistance to water vapour 
of Leaf 1 (4.5.5), has been observed for adult plants of K. coriacea and 
other Cerrado tree species under field conditions (Rawitscher, 198). In 
other species, the stomata partially close at "mid-day", with or without an 
accompanying decrease in transpiration (Medina, 1982, 1983). Values of 
minimum leaf diffusive resistance for ce-grown seedlings appear to be 
similar to those of adult plants of other Cerrado species measured in the 
field (Table 6.6). (Differences in reported maximum rates of transpiration 
could be due to differences in RH, wind speed, irradiance and leaf 
temperature between cc and field conditions.) 
The calculated values of 	 (.5.5.1) are similar to maximum values 
reported for sclerophylls of the Californian chaparral and the 
Nediterranean, which do not exceed 0.1 mol m s (Körner & Cochrane, 
1985). These sclerophyl Is also have low photosynthetic capacities of less 
than 10 mgCO dm h 1 . It is not clear whether the conductances 
calculated here for cotyledons and leaves are also maximum values, since 
these may have occurred slightly earlier in the photoperiod than when 
measuremnts were made (+.5.5), and because in sclerophyUs gt-ix tends to 
decrease with leaf age (Körner & Cochrane. 1985). Nevertheless, it would 
appear that gxs for cotyledons and leaves of K. coriacea are low, and a 
contributing factor to slow growth, since gMx has been correlated with 
maximum photosynthetic rate (Körner & Cochrane, 1985). 
If in the Cerrado gr11x and photosynthesis decrease significantly in leaves 
during the growing season, there could be long periods of low net carbon 
gain between the emergence of successive leaves, of which only 3 to 4 are 
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Table 6.6 Maximum transpiration rate (T1. 	/ pg HO 
cm s') and minimum I eaf di ffusi ye 
resistance (Ri.1x11 / s cm') in a range of 
savanna and tropical forest species 
Species 	 Habiot/Locotion 	TMAX 	RriIN 	Source 
K. 	coriacea C ce 1.9 2.9 
Curate/la americana S F 13.0 2.0 e 
C. 	americana (ds )c C F 3.5 6-8 a 
Byrsonima crassifolia S F 12.5 2.0 e 
B. 	crass/b/ia (ds) C F 6.6 6-8 a 
B. 	coccolobif'oIia C F 3.0 - c 
Terminal io argentea (.ws) C F 45 - a 
Khaya ivorensis S gh 6.0 - b 
Andira hum/I/s C F 2.5 -. c 
Anona coriacea C F 3.2 - c 
Bowdi chi a wing/bides S 1' 17.5 1.3 e 
Casearia sylvestnis S F 15.0 3.3 e 
Khaya senegalensis IF gh 6.1 - b 
Theobroma cacao TF gh 3.3 7.0 d 
Hevea brasiliensis IF gh 5.3 1+.1 d 
Sources: 	a. 	Medina, 	1982; b. Okali 	& Dodoo, 1973; 	c. Rawitscher, 
19 1+8; 	d. 	Sena Comes & Kozlowski, 1988; 	e. Sarmiento et 	ol, 1985 
C - Cerrado; 	S - savanna; TF 	tropical Forest 
controlled environment room (ce), 	Field (F) 	or 	glass house (gh) 
measurement 
ds - dry season; 	ws - wet season 
produced (4.4.3.1). Therefore, not only may the slow production of leaf' 
aren limit growth rates, but the slow increase in leaf number also. 
6-3 The si gni Fl cance of xeromorphi c Features in K. cor I acea 
seedl 1 ngs 
The xerornorphic and scleromorphic characteristics present in much of the 
deep-rooted woody Cerrado flora have been widely attributed to nutritional 
factors rather than water availability (Eiten, 1972). Much of the evidence 
on which the hypothesis of "oligotrophic scleromorphy" is based (for 
example, unrestricted transpiration during the dry season and new leaf' 
production before the start of the wet season) comes from observations, 
using now dated techniques, on adult trees, for which water may well be 
available throughout the year (see Goodland & Pollard, 1973 ':. for a statement 
of this hypothesis). There is evidence to suggest that stomatal 
conductances are lower during the dry season (Table 6.6), and that 
transpiration rates are similar to those in the wet season because of 
higher leaf temperatures and differences in RH. Theref'ore, in the absence 
of xeromorphic adaptations, even with water available, transpiration could 
be so great that debilitating tissue water deficits could develop. 
Nevertheless, it appears that these plants are able to avoid, to a greater 
or lesser degree, water stress during the dry season as a result of high 
evaporative demand by having a "water spender" strategy (Etherington. 1982; 
Larcher, 1980). 
Taking a value of 17.0 mg d 1  for dry weight production (Fig. 4.1) and one 
of 1+.2 g d 	for transpiration (mean of plants unaffected by handling, see 
§45), water use efficiency () integrated over a whole day (24 h) is 2.0 
gCO2 (ky- _z0)', equivalent to a transpiration ratio (1/) of 500 gH2O 
(gCOr 1 . These values are typical for C3 plants and tropical broadleaved 
trees (Nobel, 1983; Larcher, 1980). and do not appear to indicate that 
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seedlings are particularly efficient water users. However, these estimates 
are from well watered plants and perhaps reflect the apparent "water 
spender" strategy of adults. Plants of well watered xerornorphic species 
are known to be able to transpire at similar rates to mesic species. 
Measurements are needed to determine the extent to which stressed seedlings 
are able to continue to assimilate carbon when water is in short supply. 
In considerations of xeromorphy in woody Cerrado plants, no attention 
appears to have been given to the seedlings of species whose root systems 
are confined for perhaps several years to soil layers which con dry out 
completely even during the wet season. The water relations of seedlings 
are uninvestigated (Medina, 1982). It seems likely that seedlings in all 
but the most favourable sites will typically experience some degree of 
water stress during their development. Therefore, cotyledon and leaf 
characteristics which reduce water loss will presumably be of adaptive 
value and selected for. These characteristics, and additionally a high P/S 
and high xylopodium water contentsuggest that seedlings, in contrast to 
adult plants, have a "water saver" strategy in response to high evaporative 
demand (Etherington, 1982: Larcher, 1980). In view of this, the purely 
nutritional interpretation of xeromorphy and scieromorphy in Cerrado 
vegetation should perhaps be re-examined, and the water relations of both 
adult plants and seedlings investigated with modern techniques. 
6-4 Dry weight partitioning 
6-4.1 Root/shoot partitioning 
A high P/S is typical not only of woody Cerrado species (Rizzini, 1965), but 
also of other savanna tree species (Sarmiento et a!, 1985), and of species 
growing in nutrient poor conditions in general (Wilson, 1988). It is 
possible that values of R/S are exceptionally high in Cerrodo species, but 
further comparitive studies are needed to determine this. At similar dry 
weights; P/S is greater in field- than in ce-grown seedlings as would be 
expected, since increased mineral nutrient supply reduces R/S (Wilson, 
1988). 
As seedlings age. R/S tends towards the ratio of xylopodium to leaf dry 
weight, and in this respect K. coriacea is similar to many cultivated 
storage-root crops such as sugar beet and carrot. Four current models of 
R/S control (allometric, functional equilibrium, the Thornley and hormone 
models) have been reviewed by Wilson (1988). Complex empirical allometric 
relationships between root and shoot dry weights, such as those developed 
by Currah & Barnes (1979) and Barnes (1979) for carrot, and McLoren (1984) 
and FicLaren, Hewitt & Claude (1985) for sugar beet, may apply to 
K. coriacea seedlings, but more data at each harvest are required to test 
this. Although the relationship proposed by Barnes does not apply to all 
storage-root crops which have been examined (Hole, Barnes; Thomas, Scott & 
Rankin, 1984), McLaren et of, (1985) proposed that the relative size of root 
and shoot primordia in the seed could be an important determinant of 
subsequent patterns of root/shoot partitioning. The absence of leaf 
primordia in seeds of K. coriacea might therefore be considered on 
important adaptation promoting the establishment of a high P/S and thus a 
large xylopodium (Fig. 6.1). 
64.2 Partitioning within the shoot 
R/S increases throughout seedling growth, and even during the period of 
development of the first leaves, at least 50/ of assimilate exported from 
the cotyledons is still partitioned to the root system (+.5). This figure 
is likely to be even greater for field-grown seedlings. Once Leaf' 1 and 
presumably also Leaf 2 have become net exporters of assimilate, basipetal 
export from the cotyledons increases once more (4.5). A similar pattern 
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of supply has been observed, for example, in apple (Li, Proctor & Murr, 
1985). 
Following vascular isation, leaf expansion becomes independent of 
carbohydrate concentration in the growing tissues and instead appears to be 
limited by mineral nutrient supply, particularly nitrogen (Patrick. 1987). 
However, leaf growth cannot be entirely independeiit of assimilate supply, 
and results from the 14COz feeding experiments suggest that in ce-grown 
seedlings the periodic pattern of leaf growth which occurred despite a 
constant plastochron and phyllochron (4J+.3.1), is related tq patterns of 
assimilate movement at the shoot apex between particular source and sink 
leaves (5.7.3). Specific patterns of assimilate movement between 
particular sources and sinks are not uncommon in plants and often appear 
to be related to patterns of vascular connections between leaves and other 
organs (Watson & Casper. 198+). 
The continuingly predominant supply of assimilate to the root from both 
cotyledons and Leaf 1 must be a factor in limiting leaf growth (see 
96.1.3.2; Fig. 6.1). However, the complete lack of internode elongation 
resulting in the rosette habit means that leaf area per unit shoot weight 
is maximised within the constraints imposed by the sclerophyUous nature of 
the leaves (Fig.. 6.1). More than 90'/ of shoot dry weight is invested in the 
production of leaves, and as a result the ratio of leaf dry weight to shoot 
dry weight (L/S) remains high (Fig. 6.1). A high value for US is 
characteristic of adult savanna trees compared with forest species 
(Sarmiento et a!, 1985), and these results show this also to be true of 
K. coriacea seedlings. 
The rosette habit may also be of major importance in further enhancing 
assimilate supply to the root system (Fig. 6.1), since all leaves export 
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basipetafly in contrast to plants with elongated stems in which the 
proximal leaves export acropetally (Thrower. 1977; Heilmeier & Whole, 1986). 
The benefits to seedling growth and establishment of the rosette habit may 
outweigh any disadvantages associated with reduced interception of light. 
The effects of stem growth on P/S and xylopodium formation could be 
examined by using gibberellic acid to promote internode elongation. A 
preliminary experiment (not reported here) has shown that seedlings respond 
to 6A. application (5 jig in a 20 p1 drop, single and repeated application) 
to the youngest accessible unexpanded leaves by producing a, stem. It would 
be expected that stem elongation would result in a lower R/S as a result of 
dry matter used in stem production, and also because of the altered pattern 
of assimilate export From distal leaves (Morris & Arthur, 1985; Urnoessien & 
Forward, 1982). (Potential effects of G&3 application in increasing dry 
weight production (Arteca & Dong, 1981) would have to be accounted for). 
The rosette habit would appear, therefore, to be another important 
adaptation in K. coriacea promoting a high P/S and thus seedling 
establishment (Fig. 6.1). 
6..43 Partitioning within the root 
At all times the majority of assimilate entering the root system was 
partitioned into the main root/xylopodium (5.6). The dominance of 
xylopodium formation over other root system processes was demonstrated in 
particular between d30 and d0, when the supply of assimilate to the root 
system from the cotyledons remained constant and when the contribution to 
supply from Leaf 1 was probably small (5.6). During this period main root 
extension may have slowed with an associated decrease in primary lateral 
root emergence, aS may have lateral root extension (3.8). These 
observations require confirmation, but indicate that the xylopodium is a 
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strong sink for assimilate, although the basis of "sink strength" is not 
completely understood (Wolswinkel. 1985). 
The size of the lateral root system therefore appears to be limited by the 
predominant partition of assimlate to the main root and xylopodiun (Fig. 
6.1). The total length of 1 ° lateral roots in 50 d old ce-grown seedlings 
was about 2 m, and total root system length, measured in a preliminary 
experiment not reported here, only 2 to 3 rn. Branching higher than 
order was not observed, and the lateral root system therefore is little 
branched and not extensive. This might be expected to hove consequences 
for water and mineral nutrient uptake (Fig. 6.1), but Fitter (1985) has 
shown that root system architecture is important in uptake as well as root 
system size. He has shown that in a nutrient limited environment, a simple 
herringbone arrangement of lateral roots is most efficient at mineral 
nutrient uptake. From observation it appears that seedlings of K. coriacea 
may have such an arrangement, but this needs to be confirmed using Fitter's 
quantitative techniques. The survival and regrowth of lateral roots after 
the dry season (cf. Lauenroth, Sala, Milchunas & Lathrop, 1987; Hunt, Zokir & 
Nobel, 1987) could also be investigated. as could the importance of 
secondary xylopodia formed from lateral roots to the processes of 
vegetative regeneration and reproduction (Fig. 6.1; 6.5.2). 
There is an indication in the results that, at least initially, the major 
part of assimilate for main root growth and for lateral root growth comes 
from different sources. The calculated amounts of label imported by the 
main root from the cotyledons and Leaf 1 tended to increase, but whilst 
that imported by the lateral roots from Leaf 1 also increased, the amount 
imported from the cotyledons decreased (5.6). It has been postulated 
for sugar beet cultivars with different tap root/fibrous root (le. main 
root/lateral root) ratios, that the partition of assimilate between the two 
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is controlled bu differential hydrolytic enzyme activities and substrate 
affinities in different regions of the tap root (Silvius & Snyder, 19790,b). 
Such local variations in metabolism of carbohydrate within the sink could 
conceivably result in differential gradients of solute concentration and 
hydrostatic pressure within the phloem network, resulting in the apparently 
restricted movement of assimilate between particular regions (Gifford & 
Evans, 1981). The greater proportion of label from the cotyledons 
partitioned within the main root into starch compared to the. proportion of 
label from Leaf' 1 (5.6.1), indicates that assimilate from these different 
sources may be metabolised differently within the xylopodium. Tracer 
studies and anatomical investigations, which can be combined in the 
techniques of microautoradiography (Turgeon & Webb, 1976; Wang & Canny, 
1985). would be ideally suited to further investigate this aspect of 
seedling growth. 
6.5 Xylopodium Formation 
6.5.1 Xylopodium Formation in Field—grown seedlings 
Xylopodium formation can be considered as the centrally most important 
process in seedling growth and development since the xylopodium is the 
organ of perennation ensuring survival over the dry season (Fig. 6.1). It 
is therefore important to assess the probable stage of development of the 
xylopodium at the end of the first season's growth in the field so that 
conclusions based on growth room studies can be properly extrapolated to 
the field. To do this would require the extensive extrapolation of the 
results obtained here for field-grown seedlings. This is undesirable, and 
instead, where appropriate, data for 6 month old field-grown plants 
available in Arasaki (1986), have been compared with data for 100 d old ce- 
grown plants. 
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Main root growth was intiolly similar in both sets of seedlings, but the 
onset of swelling was delayed and the subsequent rate of radial growth 
slower in the field (3.9). It is not clear whether this was due to the 
later transition of Leaf 1 to net export of assimilate (6.1.4). or to the 
slower development of secondary root structure in field-grown seedlings. 
However, since the difference in root system growth rates between ce - and 
field-grown seedlings was less than that in seedling growth rates, R/S per 
unit dry weight was greater in the field (4.3), with the result that both 6 
month old field-grown plants and 100 d old ce -grown seedlings had root 
systems of 1.0 -1_1 g. Main root/lateral root partitioning of dry weight was 
initially similar, and is likely to have remained so. Since there was 
little difference in average extension rates, main root length in 6 month 
old field-grown plants was about twice that of 100 d old c&-grown 
seedlings, but because unswollen main root has a much lower value of Ms' 
compared to xylopodium (3.3), it seems likely that the xylopodia have 
similar dry weights. 
Since main root lengths differed, the xylopodio of field-grown plants would 
be expected to have either lower values of As' or to occupy a smaller 
proportion of main root length, assuming that the relationship between As' 
and Ms' was similar to that for ce-grown plants. The latter alternative 
was suggested since the estimated value of As for Si for a 140 d old 
field-grown plant was similar to, but the proportion of root length swollen 
one half that in 100 d old ce-grown plants (3.2.1 & 3.9). This represents 
a xylopodium of length 206 mm compared to 260 mm in 100 d old ce-grown 
plants. It would appear, therefore, that 100 d old ce-grown xylopodia can 
be considered to represent in terms of dimensions and dry weight. 6 month 
old xylopodia grown under field conditions. However, further work with 
field-grown plants is needed to test the assumptions discussed above and to 
-192- 
establish whether properties other than size, such as starch content, are 
also similar. 
6. 5.2 Ontogeny 
That a xylopodium formed in both field and ce conditions, shows that it is 
not due to some factor peculiar to the Cerrado. In preliminary experiments 
(not reported here) swelling occurred in seedlings grown in continuous 
light, and in 16 and 12 hour photoperiods, suggesting that xylopodium 
formation is not photoperiodically induced, but a congenital feature of 
seedling ontogeny, as is lignotuber formation in Euca/ypus species (Carr, 
Carr & Jahnke, 1982). 
In older Ce-  and field-grown plants, some of the proximal first order 
lateral roots expanded in a way similar to the main root to form what 
might be called "secondary xylopodio". which also contain starch and are 
able to regenerate viable shoots (Fig. 6.1). Rizzini and Heringer (1961) 
report that where suboles (rhizomes or rhizostolons) of the herb CIioria 
guyanensis (Aubl.) Berth. give rise to new roots and shoots, a xylopodium is 
formed from one of the new roots. The capacity to form a xylopodium or 
xylopodium- like structure is therefore not confined to the main root of the 
seedling, but is a property also of some proximal first order lateral roots 
and in some species adventitious roots. 
6.5.3 Anatomical characterisation 
The primary structure of the root is typical of a dicotyledon, though 5 to 
7 phloem groups are more than is usual (Esau. 1965). It is tempting to 
speculate that this is associated with the predominant supply of assimilate 
to the root stem and the early establishment of a high R/S. The 
secondary structure of the root also develops in typical fashion (Esau, 
1965) (3.7). The xylopodium results from localised swelling of the 
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secondary root structure, initially in the proximal quarter of the root, due 
to the production of large amounts of secondary phloem parenchyma cells 
(3.7). Swelling was defined as radial growth which causes a change in the 
shape of the root, thus distinguishing it from the radial growth which 
might ordinarily be expected in an ageing root (Foyle, 1968) (3.2). 
Since xylopodium formation is associated with the differentiation of 
secondary root tissues, it will be dependent on a number of factors thought 
to be involved in cambial initiation and activity and in the subsequent 
differentiation of cambial derivatives into elements of the secondary xylem 
and phloem (Elliott, Hosf'ord, Lenton, Milford, Pocock, Smith, Lawrence 
Firby, 1983; I-losf'ord, Lenton, Milford, Pocock & Elliott, 198 1+). These 
include plant growth regulating substances, as yet unidentified leaf 
factors, and sucrose, as well as irradiance, photoperiod and temperature 
(Savidge, 1985). 
Following completion of the cambial ring, continued radial growth 
(increases in As') appears to depend both on cell division and cell 
expansion, although more extensive measurements, for example, involving 
maceration of root segments and subsequent counting and measurement of 
cells, are required to confirm this. As well as continued cambial activity 
of both the vacular cambium and the phellogen, there is some evidence that 
divisions by secondary phloem parenchyma cells also contribute to radial 
growth of the root (3.7). This also occurs in the storage roots of radish, 
composed mainly of xylem parenchyma (Hole, Thomas & McKee, 198 10, and 
sugar beet, which contains xylem and phloem parenchyma (Hosford et a!, 
1984). It would seem likely, as in carrot (Hole et a!, 1981+), and sugorbeet 
and mangold (both cultivars of Beta vtilgoris L.), that both cell division 
and expansion continue throughout the growing season. However, which 
process, if either, predominates and contributes most to radial growth is 
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not clear, and further work is needed to resolve this. Cell division 
predominates in sugar beet, and cell expansion in rnangold (Hosf'ord et a!, 
1984). 
6.5.3. 1 XyI opodi urn or xyl opodi urn—I ike? 
Rizzini and Heringer (1961) distinguished between xyopodia and fleshy tap-
roots of the Beta and Daucus type in Cerrado herbs, whilst the root systems 
of trees were referred to as either xylopodia or xylopodiumlike (1.7.1). 
The structure of the xylopodium in K. coriacea seedlings (37) and the 
stages in its development are almost identical to those of Owcus carota 
(Esau, 1965; Hole et a!, 1984). The structure could therefore be described 
as a fleshy tap-root on the classification and criteria of Rizzini and 
Heringer (1961), although I have never seen this done. Differences between 
xylopodia as described by Rizzini and Heringer and the structures produced 
by shrubs and trees as determined from the literature (1.7) and from this 
work are summarised in Table 6.7, which extends that of Rizzini and 
Heringer. Both structures have a common ontogenetical origin, but a 
different basis of radial growth resulting in different textures. 
Physiological and biochemical features are not sufficiently characterised to 
allow generalisation. However, functionally the two appear to be identical, 
at least during the initial stages of tree growth. Decisions about 
nomenclature and definition will therefore depend on the emphasis placed on 
the features in Table 6.7. The genus Kielmeyera is well suited to 	- 
comparative studies since it contains species which form "true xylopodia" 
(eg. K. pumila Mart. and K. varithilis Mart.). "xylopodium- like" structures 
(eg. K. coriacea Mart. and possibly K. rubrif'Iora Comb.) and species which 
do not form xylopodia (eg. K. speciosa St. Hil. and K. petiolaris Mart.) 
(Saddi, 1982). Until such studies are undertaken, my own inclination is to 
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Table 6. 7 Characteristics of' underground organs of' 
Cerrado plants 
Her bs/Subshr ubs 
"Xyl opodi urn" 
Determinate organ 
Formed from the adnation 
of primary root and hypocotyl, 
sometimes primary root only 
Predominance of secondary xylem 
derived tissues 
Hard, with low water content 
Shrubs/Trees 
"Xyl opodi urn-I ike" 
Semi -determi note organ (?) (t) 
(form in adult plants unrecorded) 
Formed from primary root only 
(t), sometimes with hypocotyl 
Predominance of secondary phloem 
derived tissues (t) 
Softer, with higher water content, 
at I east i n seedl i ng stage (t) 
Storage of a variety of compounds Storage, perhaps mainly of 
in secondary xylem parenchyma 	starch, in secondary phloem 
Parenchyma,' and xylem parenchyma 
in older plants (t) 
Dormant buds respond to stimulus 
for sprouting 
Organ of perennation and 
regeneration 
Buds form in response to stimulus 
for sprouting (?) (t) 
Organ of perennation and 
regeneration in seedlings (t), 
possibly also in adults 
(t) points examined in this study; other information derived from a 
number of authors, see Ch. 1. 
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use the term xylopodium broadly, as in this thesis, preferring to emphasise 
the similar functional characteristics of the various structures. 
6. 5. 4 Further character 1 sat i on: the re/ at  onshi p between 
radial growth, dry mass and starch accumulation 
The initial completion of the cambial ring, which is the basis for 
xylopodium formation, appears to be integrated with the transition of Leaf 
1 to net export of assimilate 095. 10. The onset of swelling (3.2) and the 
increase in starch accumulation (3.5) are therefore associated with the 
increase in assimilate supply which the transition to net export represents, 
since at this time basipetal export from the cotyledons increases again 
(5.6). 
By plotting Ms' against As'. two phases in the growth of a root segment 
could be distinguished, the onset of swelling being associated with 
threshold values of As' and Ms' of 1+  mm2 and 0.2 mg mm' respectively. 
The transition appeared to occur when segments were between 30 and Lf  0 d 
old irrespective of position along the root (3.4). implying that the time 
for the development of secondary root structure remains constant during 
seedling growth and that swelling begins immediately after. The analysis 
showed that although rates of radial growth and dry mass accumulation 
during swelling vary with position along the root, they occur in constant 
proportion to each other, the two processes appearing to be closely linked 
(see below) (Fig. 6.1). 
Assimilate entering the root is partitioned mainly between root structure 
and thus radial growth, and starch accumulation (with a smaller amount 
being used in latex production). The slope of the plot of s' against As' 
(not shown here) is the increase in non-starch dry weight per unit increase 
in volume of fresh root segment, and effectively represents the unit cost of 
radial growth. During primary root growth this was 0.07 mg mm, but the 
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cost' of xylopodium formation was greater; 0.22 mg mm. The increase is 
most readily explained by the increase in cell wall synthesis associated 
with secondary growth. 
The starch contents found are high compared to other Cerrodo and forest 
species (Figueiredo-Ribeiro et a!, 1986), and suggest that it is probably 
the most important reserve compound in K. coriacea, although the 
possibility that others are also accumulated remains. Extrapolation of 
main root starch content against root age indicates that starch 
accumulation begins at about d18 (3.5), which is consistent with 
anatomical observation and assay results (3.5 & 3.7). Starch granules were 
not present in cells of the primary root cortex, but were observed in 
secondary phloem parenchyma cells produced soon after the intiation of the 
vascular cambium (3.7). Starch accumulation, therefore, is associated with 
the onset of secondary root growth, and in common with developing potato 
tubers, cell divisions and the appearance of starch granules precede radial 
growth and are some of the earliest events associated with the formation of 
these structures (Duncan & Ewing, 1984). 
Two phases of starch accumulation could be distinguished, the transition 
between them coinciding with the onset of swelling at threshold values of 
As' and Ms', corresponding closely to those determined in a previous 
experiment (3.5.1), and the transition of Leaf 1 to net export of 	- 
assimilate. During each phase, a constant proportion of the increase in dry 
weight of a particular region of the root is in starch; 0.08 during the 
initial phase and 0.25 during xytopodium formation (3.5.1). 
In a preliminary experiment (see §2.8.3), the starch content of a 152 d old 
xylopodium was measured as 0.55 (±0.003 n9) mg mg' d.wt, which implies 
that the relationship between S' and Ms' does not remain linear after d75, 
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and that the proportion of dry weight accumulated as starch increases to 
more than 0.25. Although this measurement was made on only one plant, it 
is in broad agreement with the extrapolated starch content for a 152 d old 
main root of 0.49 mg mg d.wt. from Fig. 3.6. Such an increase is 
consistent with the observation that the storage capacity of the xylopodium 
appears to increase in older roots with the production of xylem parenchyma 
cells able to accumulate starch (3.7), and that the quantity of assimilate 
available for radial growth and storage also appears to increase since R/S 
increases sharply after d75 (4.3). 
65.3 Control of the relationships between As', Ms' and Ss' 
The fitting of straight lines to plots of Ms' and its components against 
As' is somewhat arbitrary, but was done to provide a quantitative criterion 
by which to distinguish xylopodium (ie. swollen) from unswollen main root. 
Whilst the relationships could perhaps be better described by curvilinear 
functions, the linear ones enable what are clearly two phases in root 
growth to be discussed separately. The correlations found between As', Ms' 
and Ss' suggest that cambial activity, cell growth and starch storage are 
closely controlled relative to each other. However, these indicies are bulk 
values for root segments containing a number of different tissues and cell 
types in various stages of differentiation, and therefore give no 
information about the processes discussed above at a cellular level. 
Indeed, it could be argued that the correlations found are merely 	- 
fortuitous. 
Milford (1973). however, has shown that for sugar beet storage roots that 
as parenchyma cell size increases up to a certain value, sugar per cell 
increases almost proportionately with cell volume, but less thor-i 
proportionately above the threshold size. The water and non -sugar dry mass 
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of cells, however, continue to increase directly In proportion to cell 
volume. Therefore, the relationships deScribed here for the developing 
xylopodium may indeed reflect the tight control of processes at the 
cellular level. 
The factor controlling sugar uptake by parenchyma cells in sugar beet was 
shown by Wyse (1979, quoted in Elliott et cii (1983)) not to be cell size 
per se, but the diffusive resistance and length of the path for sugar 
transport to cells as determined by the distance of the cell from the 
vascular system. Thus as cells expand and become distanced from the 
phloem, the supply of assimilate to them decreases. Milford's -  work 
therefore, suggests that only sucrose surplus to that required for cell 
growth is accumulated in the cell vacuole. 
In view of the apparent importance of starch storage in xylopodium 
formation, it would be of interest to further examine the relationship 
between radial growth and starch accumulation under conditions of altered 
assimilate supply. This could be achieved by changing irradiance (although 
this may have undesirable effects on development cf. Atkinson, 1984) or 
alternatively by directly manipulating sucrose supply to cultured roots 
(Webster & Raclin, 1972). If the slope of the plot of Ss' against Ms' 
remains constant when assimilate supply is decreased, it would suggest that 
starch synthesis limits the amount of assimilate available for radial 
growth, implying the tight control of this process rather than it being a 
"metabolic dump" for excess carbohydrate. The amount and rate of radial 
growth would depend on any changes in its cost (see above). 
6.56 Functional characterisation: the regenerative ability 
of the xylopodium 
The lag between the onset of swelling and the time at which the xylopodia 
of most plants are able to form buds and regenerate shoots in response to 
-200- 
removal of the main shoot (3.6), could be due to the failure of initiated 
buds to grow out from the xylopodium. Nevertheless, the results imply that 
the competency to regenerate shoots depends on physiological changes in 
xylopodium tissues which occur somewhat slowly. A threshold age for 
regeneration in a root segment of at least 50 to 60 d was indicated 
(3.6.1). 
However, the experiment with root segments (83.6.2) suggested that as well 
as age, size has an independent effect on regenerative ability. The 
threshold value of A' for regeneration appeared to be about 6 mm', 
although the effect of segment volume remains to be established. The 
growth of the xylopodium in field grown plants to apparently the same 
dimensions as in ce-grown seedlings (86.5.1) further suggests the 
importance of a threshold diameter for regeneration: In other species, 
positive correlations have been found between the number of regenerated 
buds and the length and, or instead, the diameter of root segments, and for 
each species there is generally a minimum length of segment below which 
regeneration is limited or does not occur (Peterson, 1975). 
It seems reasonable to suggest that starch stored in the xylopodium will 
provide the carbon substrates necessary for the growth of regenerated 
shoots until autotrophic autonomy is attained (FigueiredoRibeiro & 
Dietrich. 1983), and that the viability of regenerated shoots will therefore 
depend on the starch content of the root at the time of shoot removal. 
Since more than half of regenerated shoots survived at d75 (83.6.1), a 
threshold xylopodium starch content for shoot viability of between 20 and 
25% is indicated (83.5). Viability could also depend on the mineral 
nutrient content of the xylopodium and on the maintoinance or regrowth of 
lateral roots for the uptake of water and further nutrients. 
The functional ability of xylopodia needs to be further investigated in the 
field, where for example. seedlings of a certain age can be transplanted to 
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the Cerrado at various times during the wet season and survival monitored 
over the following dry season. Such an experiment would indicate the 
importance of germination time, xylopodium size and starch content to 
seedling establishment. 
The formation of buds at the proximal end and roots at the distal end of 
isolated root segments, as observed here, is common in many species, and is 
thought to reflect an inherent polarity in the root (Peterson, 1975). The 
phenomenon is generally regarded to be the result of interactions between 
auxin, which is inhibitory to bud initiation and promotory toroot 
initiation, and cytokinins which have the opposite effects (Peterson, 1975; 
Torrey, 1986), although whether this is the mechanism of endogenous control 
of bud formation is not clear. A number of other substances measured 
endogenously in and applied exogenously to roots and root segments have 
also been reported to have effects on either bud initiation or their 
subsequent outgrowth. These substances include abscisic acid, gibberellins, 
ethylene, anti -auxins, such as x-(p-ch I orophenoxy) I sobutyr Ic acid, stored 
polysaccharides and nitrate (Leakey, 1985; Peterson, 1975). 
Assuming that following decapitation of a seedling or fragmentation of a 
xylopodium, a particular substance(s) is involved in bud initiation and 
growth, segment or root age may reflect changes in tissue sensitivity to 
the initiating (or inhibitory) substance(s) (Trewavas, 1982), whilst size 
may determine the quantity and concentration of promotory factors, or ,  
provide sufficient volume for the concentration of an inhibitory factor to 
fall below a threshold value. 
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6.6 Xylopodlum Formation and seedl ing etabIi.hment in the 
Cerrado 
At present more extensive studies on population dynamics (eg. Hay & Barreto 
1988) are needed to determine the relative importance of seedlings and 
sprouting from xylopodia and other structures, such as root suckers and 
rhizomes, in the maintenance of the Cerrado. The role of seedling. 
establishment has been questioned because of conflicting reports as to the 
numbers of seedlings in the field (1.7.2.2). 
This study has shown that seedlings of K. coriacea have a number of 
adaptations which appear to facilitate establishment in the Cerrado, 
provided that conditions are such to allow a xylopodium of sufficient size 
to form. In this respect germination time during the wet season, as well 
as microsite conditions, will be important . and it may be significant that 
seeds do not show dormancy (Dione lo, 1978). Seedlings show a number of 
adaptations concerned with maximising dry matter production such as large, 
long-lived and leaf-like cotyledons, a high leaf/shoot ratio and cotyledons 
and leaves adapted to withstand water shortage. Further adaptations are 
concerned with ensuring a high root/shoot ratio, such as the absence of 
leaf primordia in the seed and the rosette habit, which will tend to 
maximise xylopodium size and so survival potential. 
The outcrossing behaviour and annual investment of resources in seed 
production in K. coriacea and perhaps other Cerrado species, does not 
suggest that vegetative reproduction has become predominant. Neither does 
an infrequency of seedling establishment necessarily imply that it is an 
unimportant process. If not in recruitment, the importance of sexual 
reproduction and seedling establishment, facilitated in K. coriacea by a 
number of adaptations including the xy?opodium (Fig. 6.1). may be in 
maintaining genetic diversity and so future fitness. In contrast, sprouting 
can be viewed as a mechanism to exploit current genetic fitness (James, 
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1984). If the Cerrodo is an inhospitable environment for seedlings, the 
alternative strategy for exploiting current fitness of asexual seed 
production would be unsuccessful. Therefore, it is suggested here that 
sprouting and seedling establishment, Facilitated in K. corit3ea by the 




Al Variation in the plant material 
A persistent feature of this project was large variation in the plant 
material. Within experiments, coefficients of variation were commonly 
between 15% and 40% (Table Al). but were sometimes greater. The variation 
found depended on the variable being measured and on whether plants had 
been grown under ce or field conditions. The large variation mode it 
difficult sometimes to assess the significance of small changes in some 
variables between harvests, for example, plant dry weight over the first 20 
to 25 days of growth (4.2) and main root length between d30 and d40 
(3.8.1). 
The low level of replication possible in these experiments. 5 plants per 
harvest, undoubtably contributed some of the variation observed. However, 
the material was so variable that the calculated numbers of plants required 
to reduce confidence limits to acceptable levels (Snedecor & Cochran 1980) 
were for beyond the resources available. For statistically significant 
differences in main root length to be detected over the critical period of 
d25 to d45, the 95% confidence limits would need to be about ±5 mm, about 
half of the difference in 'mean root length between successive harvests. 
The calculated numbers of plants required to achieve this varied between 50 
and 200, and for field-grown plants between 250 and 350. In the field, 
more plants could be grown and 20 plants were used at each harvest (except 
at d30 when n10), and for cotyledon dry weight, this was nearly the 
calculated number of plants needed to reduce the 95% confidence limit to 
± 10 mg (Table A2) 
Al. 1 Sources of variation and attempts to reduce it 
Al- l.l Genetic variation 
Initial studies on Kiefmeyera suggest that species are intersterile and that 
within species plants are self-incompatible (Private communication, P.E. 
Gibbs, Scottish Tropical Biology Group Meeting, Edinburgh, 23 November 
1985). It follows that K. coriacea is probably outbreeding and that seeds, 
even from a single tree, may be genetically diverse. Indeed. !1 coriacea is 
one of the most variable species in the genus, consisting of two subspecies 
each of which consists of several varieties (Saddi, 1982). However, for 
this project, seed was collected from only two sites (Arasaki, 1988 & Ch.2), 
and was probably of the variety coriacea (sensu Saddi), thus minimising 
genetic variation. 
Al. 1. 2 Seed weight 
A further source of variation was initial dry weight of embryos, due to 
differences in cotyledon size. However, although coefficients of variation 
for plant dry weight were initially high, they decreased with age (Table 
Al';). suggesting that the effect of cotyledon size on seedling growth 
decreased with time. An obvious strategy to deal with this variation is to 
choose seed of a particular size class (eg. Milligan, 1986), but this can he 
done only if seed is plentiful and was not practicable here. 
Al- 1..3 Physiological age 
Germination of embryos under standard conditions (2.3) occurred over a 
period of 7 days, with the first embryos germinating on d3 (ie. 3 days 
after being placed on petri dishes). Thus on dlO, when germinated embryos 
were transplanted to pots, there was a spread of plant age in days from 
germination, even though all plants in the experimental population were 
considered to be 10 days old. Such differences in physiological age, as 
opposed to chronological age, are likely to have increased the variation 
found at any particular harvest (Lamoreaux, Chaney & Brown, 1978). if 
enough seed had been available, only embryos which germinated during a 
specific 24 or 46 hour period could have been used. An alternative 
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Table Al 	Coefficients of variation (cv. %) For seedling 
dry weight (mg) For a) growth analysis 
Experiment 1 and b) Experiment 2 
P ant age / days 
20 	30 	40 	50 	100 
 
mean (n5) 11 1i..1 20 1+.4 232.9 600.7 2313.2 
cv 36.9 35.2 20.8 25.9 11.2 
 
mean (n5) 136.5 134.9 290.0 378.8 2239.2 
cv 23.6 15.0 J8.5 13.0 16.5 
-20(0- 
Table /12 Numbers o1 plants (N) required to reduce 95% 
confidence limits to ±5 mm For main root length and ±10 
mg For cotyledon dry weight; in ce - and Field-grown 
seedlings 
Main root length (mm) 
Plant age / days 
20 	30 	40 	50 
ce-grown 
mean (n=5) 47•4 	11+ 1+ . 8 160.0 209.+ 
cv 37.9 	1- 4. 8 19. 4 13.2 
N 52 	 74 154 122 
................  -..---------.---. . 
H ci d-grown 
mean 	n=20 116. 18.3 113.1 
c  - 	 2.3. 27.6 34J 
N 	 - 	383 	269 	2 1 5 
Cotyledon dry weight (mg) 
Plant age / days 
20 	30 	+0 	50 
ce-grown 
mean (n5) 10 1. 152.5 125.6 157.2 
cv 35.9 30.3 22.5 28.5 
N 53 85 32 80 
field-grown 
mean (n20) - 121.7 114.2 1L+2.5 
G  - 18.2 22.2 20.5 
N - 20 26 3 
cv, coefficient of variation (%) 
, For field-grown seedlings at d30. n10. 
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approach used for the 14CO2-feeding experiments was to divide germinated 
embryos into two batches. Those which germinated between d3 and d5 were 
treated as one batch, and those which germinated between d6 and d9 as a 
second batch. Germinated embryos from Batch 1 were transplanted to pots 
on dlO as before, 7 days after the first embryos in the batch had 
germinated. On transplant ing,all plants in the batch were considered to be 
10 days old. Germinated embryos from Batch 2 were not transplanted until 
d13, again 7 days after the first embryos in the batch had germinated. 
However, on transplanting all plants in the batch were considered to be 
only 10 days old, and not 13 days. Thus within each batch the spread in 
age in days from germination was halved. The success of this approach was 
varied, and it was evident that selecting for uniformity with respect to 
one variable, in this case germination time, may not have the desired effect 
of reducing variation in all others. 
Nevertheless, variation in at least some variables can be reduced if a 
uniform population of plants is selected for a particular experiment. 
However, it was generally not possible to grow enough plants at one time to 
do this, and the only selection of this kind used routinely was to 
transplant only germinated embryos with main roots longer than 1.5 cm. In 
many studies. (eg. Turgeon & Webb, 1973; Dickson & Shive, 1982), variation 
in plant material due to different rates of physiological development with 
respect to chronological age, has been reduced by use of the plostochron 
index and leaf plastochron index. The plastochron index uses the length of 
two successive leaves to calculate a measure of the developmental age of 
the plant, and from it the developmental age of any leaf in terms of 
plastochrons can be derived. The successful use of both indices has been 
reviewed by Lamoreaux. Chaney & Brown (1978). Three assumptions about the 
growth of the leaves must be satisfied before the plastochron index can be 
used for a particular species (Dale, 1982). They are (1) that early growth 
in leaf length is exponential, (2) that the relative rates of extension of 
leaves on the same plant are similar, and (3) that the time interval 
between the appearance of successive leaves on the some plant is constant. 
For K. coriacea assumptions (1) and (3) were met (.4.3.3), but the relative 
extension rates of leaves differed, thereby precluding use of the index. 
For species where the plostochron index cannot be used, it has sometimes 
been possible to devise other developmental indices. In Agropron repens, 
Rogan & Smith (1975) developed an index based on the approximately linear 
relationship between the length of the second youngest and youngest 
primordia in all apices which hod completed the some number of 
plastochrons. Thus the relative stage of any apex within that plostochron 
could be expressed as the fraction of the plastochron already completed. 
For K. coriacea the plastochron and apparent plastochron are constant 
during early seedling growth (.3.1), and on index similar to that of Pagan 
and Smith (1975) could perhaps be developed, but it would be impracticable 
for routine use if like theirs it involved embedding the apex and cutting 
sections. 
For seedlings of Quercus rubra, Hanson, Dickson, Isebrands, Crow & Dixon 
(1986) developed a morphological index of seedling ontogeny based on this 
species semi determinote, recurrently flushing pattern of growth. Each cycle 
consists of three phases; an initial period of linear stem elongation 
followed by a period of linear leaf expansion and finally a log period 
between flushes. This index was then used to study net photosynthesis in 
the median leaf of the first three flushes (Hanson et a!, 1986). 
The index for Quercus depends on a repetitive sequence of events. Such a 
sequence did not occur in K. coriacea. Although the apparent plastochron 
was found to be constant in each experiment 	 its length and the 
time of emergence of Leaf 1 differed between experiments. The growth of 
leaves was also highly variable within an experiment: for example, the 
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duration of expansion of Leaf 1 could vary by up to 10 days, and final leaf 
length by 50 mm, suggesting that rates of lamina expansion were very 
different in different plants. In addition, the degree of expansion of Leaf 
2 at a particular stage of expansion of Leaf 1 could vary by 20%. It was 
therefore considered not possible to construct a suitable developmental 
index for K. coriacea that would reduce variation significantly. However, 
for comparing plants in the "CO.-feeding experiments, the age of Leaf 1 in 
days from emergence was used rather than chronological plant age. because 
the time of emergence of Leaf 1 differed between experiments. It was 
important to assess the stage of development of the leaf rather than the 
plant as a whole, for determining when Leaf 1 became a net exporter of 
assimilate. 
,11.1..4 A further source 
There was a further source of variation which made it necessary to grow 
more plants than needed for the experiment. The main root apex in 20 to 
30% of plants died. This could occur at any time and happened for no 
discernable reason, except in older plants in which the root had reached 
the bottom of the pots. Root tip death was also observed infield -grown 
plants, and occurred in Quatea grandiflora grown in narrow polythene tubes 
filled with sand (6. Felippe, personal communication). The roots of K.  
coriocea are fragile and can break easily when handled. These phenomena 
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